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ABSTRACT 
A porous pavement is a type of sustainable pavement that allows stormwater to 
infiltrate through the pavement into the natural soil bed. Rubber modified binder is the 
combination of regular asphalt binder mixed with ground crumb rubber, which is derived 
from used rubber tires by shredding or grinding the tires into small fragments. This 
research investigated the effects of rubber modified binder on the performance properties 
of porous asphalt mixtures, which include draindown, porosity, permeability, abrasion 
resistance, moisture susceptibility, and rutting resistance.  
The addition of cellulose fibers has been used to increase the optimum binder 
content of porous asphalt mix designs without increasing the binder draindown. The 
increased optimum binder content (OBC) allows the asphalt binder to create a thicker 
coating (or stronger bond) between the aggregate particles, creating a more durable and 
stronger structure. This research focused on replacing the cellulose fibers with rubber 
modified binder in an effort to increase the OBC of mix designs without increasing the 
binder draindown. 
This study found that the use of the rubber modified binder resulted in an increase 
in binder viscosity at 135⁰C and 165⁰C when compared to the PG 64-22 base binder. The 
12% ground tire rubber (GTR) increased the performance grade of base binder to a PG 
76-22. Both the 5% GTR and the 12% GTR increased the failure temperature of the 
binder.  
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This study also found that the use of the rubber modified binder was effective in 
minimizing the effect of binder draindown and was comparable to the addition of 0.3% 
cellulose fibers to the mix. The rubber modified binder was effective in minimizing the 
effects of long-term draindown as indicated by the similarities in the permeability of the 
mixtures after 28 days of long-term aging at 60
o
C compared to the permeability before 
aging. 
The results of the study indicated that the use of rubber modified binder or fibers 
reduced the abrasion loss: thus, generally increasing the durability of the mixes. The 
addition of the cellulose fibers and GTR reduced the moisture susceptibility of the mix 
designs as evidenced by TSR values greater than 90%. Finally, it was found that the 
addition of the rubber modified binder increased the rut resistance when compared to PG 
64-22 without cellulose fibers but decreased the rut resistance when comparing it to 
mixes with cellulose fibers and SBS modified binder.  
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CHAPTER ONE 
INTRODUCTION 
Porous asphalt is an asphalt mixture with reduced fines. This reduction in the 
amount of fines creates a porous structure that allows water to drain through the mixture. 
Porous pavements allow water to drain through the pavement surface into a stone 
recharge bed and infiltrate into the soils below the pavement (Porous Pavement 2012). 
An open graded friction course (OGFC) is a type of porous pavement that has been used 
to improve the frictional resistance of pavements. This improvement helps to make the 
pavement safer during wet conditions by removing the water from the surface of the 
pavement (Poulikakos and Partl 2009).  Since the early 1970s, porous parking lots have 
been successfully installed for stormwater management purposes in many states in the US 
(Porous Pavement 2012).   
Some of the common problems with porous asphalt pavements include raveling, 
pore clogging, stripping, and winter maintenance. Raveling is when the fine aggregate 
particles have worn away and coarse aggregate particles become exposed. This is caused 
by the loss of asphalt binder, ultraviolet exposure, traffic frequency, weather conditions, 
asphalt mix design, and compaction of the asphalt during construction (Porous Pavement 
2012). Some permeable pavements require frequent maintenance because sand and other 
material can block the open pores. This is normally done by industrial vacuums that 
remove all the sediment that become lodged in the open pores. If maintenance is not 
carried out on a regular basis, the porous pavements can begin to function more like 
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impervious surfaces. The term stripping refers to hot-mix asphalt (HMA) mixtures that 
exhibit separation of asphalt binder film from aggregate surfaces due primarily to the 
action of moisture and/or moisture vapor (Poulikakos and Partl 2009). 
Rubberized asphalt binder is a material that consists of regular asphalt 
binder mixed with crumb rubber. Asphalt rubber is the largest single market for ground 
rubber in the United States, consuming an estimated 220 million pounds, or 
approximately 12 million tires annually (Ground Rubber Applications – Scrap Tires 
2012). Crumb rubber modifier (CRM) is the term that is used to describe scrap tire rubber 
that is processed in to crumb rubber for use as a modifier in asphalt paving materials. 
Several different processes and equipment can be used to reduce the size of the rubber 
tires for use. During the recycling process of rubber tires, the steel is removed leaving tire 
rubber with a granular uniformity. Continued processing with a granulator or a cracker 
mill reduces the size of the particles further (Ground Rubber Applications – Scrap Tires 
2012). 
Rubberized asphalt binder can add many benefits to a hot mix asphalt (HMA) 
mixtures. The addition of rubberized asphalt binder to HMA can improve durability and 
resistance to rutting, reduce temperature susceptibility, and improve aging and oxidation 
resistance due to higher binder contents (Sun and Li 2010). Rubber modified asphalt 
binder is stiffer than conventional asphalt binders, therefore pavements made with 
modified binders resist rutting better than pavements with conventional binders (Benefits 
of Rubberized Asphalt 2012). 
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Research Objectives and Scope 
 
 The primary objective of this study was to investigate the effects of rubber 
modified binder on porous asphalt mixtures. This study focused on the effects of rubber 
modified binder on the volumetric and performance properties of porous asphalt and was 
based on the comparison of porous asphalt mixtures made with virgin, SBS modified, and 
different CRM modified binders using five main criteria: draindown, permeability, 
rutting, moisture susceptibility, and abrasion resistance. To accomplish this objective the 
following tasks were completed:   
1. A detailed review of literature related to porous asphalt and rubber 
modified asphalt.  
2. Prepared mix designs using one aggregate source, two aggregate 
gradations, and four binder types (PG 64-22, SBS modified PG 76-22, 5% 
-30 mesh GTR, and 12% -30 mesh GTR). 
3. Conducted draindown testing to develop draindown curves for each mix to 
determine the effect of cellulose fibers and rubber modified binder.  
4. Evaluated the volumetric properties, rutting susceptibility, abrasion 
resistance, moisture susceptibility, and long-term mix draindown potential 
by means of permeability for 12 mix designs.  
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Organization of Thesis 
 
 This thesis is divided into five chapters. The first chapter is the introduction and 
provides background information on the research topic as well as the research objectives. 
The second chapter is an extensive literature review, which includes information on both 
porous asphalt and rubber modified asphalt. The third chapter describes the experimental 
materials and procedures used to complete the research. The fourth chapter of this thesis 
discusses the results of the research. Finally, the fifth chapter completes the manuscript 
and presents the conclusions of the research and provides recommendations for 
implementation and future research.  
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CHAPTER TWO 
LITERATURE REVIEW 
History of Porous Asphalt 
Porous asphalt, also known as permeable asphalt, is standard hot mix asphalt with 
reduced sand or fines. The reduced amount of fines leaves interconnected, stable air 
pockets in the asphalt mix that allow stormwater to flow through the asphalt. The 
stormwater then enters a crushed stone aggregate bedding layer and base. The aggregate 
storage bed will retain the water until it can soak into the native soil below. This can be 
seen in Figure 2.1. Porous asphalt will reduce the stormwater runoff volume, rate, and 
pollutants. When porous asphalt is properly constructed, it is a durable and cost 
competitive alternative to conventional asphalt pavement systems (Porous Pavement 
2012). 
 
Figure 2.1 – Typical Porous Asphalt Pavement Section  
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Porous asphalt pavement is constructed with an open-graded porous mixture with 
a void content of 18–25% having a thickness of 2-4 inches. Conventional asphalt 
pavements have a low skid resistance in wet pavement conditions due to the existence of 
thin layers of water on its surface, which could result in hydroplaning. Porous asphalts 
have a high drainage capacity; therefore water films do not form on the surface during a 
rain event. This benefit can significantly improve the safety of the road in wet weather 
(Association of Japan Highway 1996).  
Benefits of Porous Asphalt 
 
When porous asphalt is used as an open graded friction course (OGFC) over a 
conventional pavement, it usually has an air void content of about 20% (Poulikakos and 
Partl 2009). This interconnected void structure in wet weather, allows the water to drain 
through a series of micro-conduits. This drainage system prevents the formation of a 
water film on the road surface and improves visibility. The high porosity of porous 
asphalt also significantly reduces traffic induced road noise (Poulikakos and Partl 2009). 
Liu and Cao stated that there are two types of air voids: connected voids (i.e., 
open) and closed voids (i.e., isolated). Connected voids connect to the air and, therefore, 
water can flow through the voids to achieve drainage. The closed voids are formed within 
the asphalt mixture and, therefore, there are no openings to the air. Only the connected 
voids play an important role in water drainage. If the connected voids account for a 
smaller portion, the permeability coefficient will be small, and vice versa. Therefore, the 
permeability coefficient may differ even when air voids are the same (Liu and Cao 2009). 
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The implementation of the National Pollutant Discharge Elimination System 
(NPDES) Phase II regulations has helped to fuel the research, development, and 
implementation of innovative Best Management Practices (BMP) for managing and 
treating stormwater runoff. Since 2003, the University of New Hampshire Stormwater 
Center (UNHSC) has set out to evaluate over twenty types of BMPs in a fully-monitored 
field setting. One type of BMP that has been adopted in both public and private sectors is 
permeable pavements. One of the major benefits of permeable pavements is their dual 
function as a transportation surface and self-contained stormwater management device.  
Porous asphalt and OGFC have been proven to have water quality benefits. A 
study conducted by Berbee et al. in the Netherlands where polluted highway runoff is a 
problem, showed the effects that impervious and pervious asphalt have on the pollutant 
concentrations in the runoff (Berbee et al. 1999). The study involved testing runoff 
samples from two highways with similar characteristics except that one was impervious 
asphalt and the other had a porous asphalt overlay (OGFC). The results showed that the 
pollutant concentrations in the runoff from the porous asphalt were considerably lower 
than in the runoff from the impervious asphalt. The concentrations of heavy metals such 
as lead, copper, and zinc in the porous asphalt runoff were significantly lower than in the 
runoff from impervious asphalt (Berbee et al. 1999). 
A study conducted by Eck et al. in Austin, TX and eastern North Carolina 
presents water quality measurements for open graded friction course (OGFC) and 
conventional impervious pavements (Eck et al. 2012). The study showed that 
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concentrations of total suspended solids from OGFC were more than 90% lower than 
from impervious pavements. Lower concentrations of phosphorous, copper, lead, and 
zinc were also observed. The benefits of the OGFC in the reduction of pollutants can last 
throughout the design life of the pavement unless the pavement becomes clogged by 
debris (Eck et al. 2012).  
Houle et al. found that after two years of winter performance evaluations, porous 
asphalt can perform extremely well in northern climates (Houle et al. 2010). Frost depth 
penetration and freeze-thaw temperature cycles have not compromised the integrity of the 
system structurally. Research has shown that porous asphalt exhibits greater frictional 
resistance and can become clear of snow and ice faster than conventional pavements. 
Significant reductions in annual salt loads for deicing practices were observed, reaching 
over 70% reduction during the study (Houle et al. 2010).   
Issues with Porous Asphalt 
 
In some cases, porous asphalt can suffer from problems that can affect both its 
performance and its service life. These issues typically stem from the microstructure of 
porous asphalt. The open structure of the mix exposes a large binder surface area to the 
oxidative effect of air and the damaging effects of water. This can result from increased 
interfacial moisture content, leading to moisture damage of the binder-aggregate bond 
and structural distress. Moisture damage is one common cause of failure of asphalt 
pavements as the presence of moisture within an asphalt layer can result in the loss of 
cohesion within the binder itself or the loss of adhesion between the binder and the 
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aggregates (Poulikakos and Partl 2009). The loss of adhesion between the binder and the 
aggregates results in stripping in the asphalt mixture.  
Stripping of an asphalt pavement is the de-bonding of binder films from aggregate 
surfaces due to greater attraction of the aggregate for water than for bitumen. Stripping 
can be caused by hydraulic scouring resulting from repeated generation of pore water 
pressure and leads to a weakened pavement that is susceptible to pore pressure damage 
and premature cracking. Moisture damage in asphalt concrete mixtures, and particularly 
in porous asphalt concrete, is dependent on many factors including aggregate structure, 
aggregate type, binder type, and binder content (Poulikakos and Partl 2009). 
Cold climates may also present certain challenges when it comes to porous 
asphalt.  Snow plow blades can damage surfaces. Another issue is the use of sand and salt 
during the winter months. Sand cannot be used for snow and ice control on porous 
asphalt because it can clog the pores and reduce permeability. Infiltrating runoff may 
freeze below the pavement, causing frost heave, though design modifications can reduce 
this risk (Porous Pavements 2012).  
Raveling is another issue with porous asphalt pavements. Raveling is the loss of 
pavement material from the surface downward. This is caused by the loss of asphalt 
binder, ultraviolet exposure, traffic frequency, weather conditions, asphalt mix design, 
and compaction of the asphalt during construction. The aggregate particles begin to break 
away as the binder wears away. This begins with fine aggregate particles breaking away 
and exposing the coarse aggregate (Asphalt Paving 2012). 
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Porous asphalt mixtures are easily degraded by outside environmental elements 
such as sunlight, air, and water due to the high air void ratio inside the mixture which 
also affects its durability (Xing 2010). Adequate amounts of asphalt binder in the mix 
design should be a primary concern as increased binder contents within reason can 
enhance the properties of the mixture to resist aging and prevent degradation of the 
environment.  
Background on Rubber Modified Asphalt 
 
Rubberized asphalt binder consists of regular asphalt binder mixed with crumb 
rubber derived from automobile tires. With the rapid development of the auto industry, 
the number of people that own a car is increasing. This leads to a problem of dealing with 
the increased number of scrap rubber tires. The asphalt pavement industry is recycling 
approximately 12 million scrap tires out of 300 million scrap tires generated each year in 
the US. Rubberized asphalt binder has become more popular because of its reported 
advantages including increased pavement life, thinner pavement lifts,  reduced reflection 
cracking, decreased traffic noise, reduced maintenance cost, decreased pollution, and 
increased environmental quality (Lee et al. 2008).  
Tires consist of three main components by weight: approximately 22% synthetic 
fiber, 18% steel wire, and 60% rubber. All of these materials were originally extracted 
from non-renewable resources. China has become the top rubber consuming and 
importing nation in the world, however, the recycling of waste tire rubber in China 
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mainly focuses on retreading and regeneration of rubber tires, which subsequently gives 
rise to pollution (Dong et al. 2011). 
The large amount of scrap tires generated annually in the world is causing many 
countries to face a serious challenge of disposal and utilization of a huge number of waste 
tires. In the past 20 years, the interest in the use of crumb rubber modifier (CRM) in 
asphalt pavements has increased to improve the performance of asphalt pavements, 
protect the environment, and conserve resources. CRM is recycled rubber that is obtained 
by mechanically shredding or grinding tires into small particles, which can be used in 
asphalt mixtures using either dry or wet processes to incorporate the rubber (Sun and Li 
2010). 
Petroleum derived asphalt binder has been widely used in highways, airports, 
construction, and other fields throughout the world. Modified asphalt binders have 
become an important research topic in recent decades because of its added benefits to 
pavements. Using crumb rubber as a modifier for modified asphalt has two advantages: 
recycling scrap tire rubber to ease pressure on the environment and improving the 
performance of asphalt. Crumb rubber can also help to enhance the binder stability at 
high temperature, crack resistance at low temperatures and fatigue resistance (Xiang et al. 
2009).  
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Benefits of Rubber Modified Asphalt 
 
 The dry process is a method that mixes the crumb rubber with the aggregate 
before the addition of asphalt binder. In this case, the CRM acts as a rubber aggregate in 
the paving mixture (Liu and Cao 2009). The wet process refers to blending crumb rubber 
with asphalt binder at high temperatures before mixing the binder with the aggregate. 
Through the wet process, crumb rubber modified asphalt is obtained.  The performance 
of asphalt binder can be improved considerably with the addition of crumb rubber 
modifier (Sun and Li 2010). 
Crumb rubber modified asphalt binders enhance some properties of asphalt 
pavement such as rutting resistance, which results from the increased viscosity of asphalt 
rubber modified binder because of the addition of the crumb rubber. At high 
temperatures, the interactions between asphalt binder and CRM have two main 
mechanisms: particle swelling and degradation. CRM and asphalt are incapable of being 
mixed or blended together; therefore, CRM cannot melt in asphalt but can absorb oils 
from the asphalt binder. A CRM particle can swell to three to five times its original size 
when blended with hot asphalt. The large number of swelled rubber particles in asphalt 
would result in a significant viscosity increase (Sun and Li 2010). 
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Figure 2.2 shows reduced cracking on an asphalt rubber overlay in a test section 
of Interstate 40 near Flagstaff, Arizona; where 4-in conventional asphalt and 2-in asphalt 
rubber overlays were placed on Portland cement concrete pavement. The pavement 
overlays were placed in 1990 and the photo in Figure 2.2 were taken in 1998.  The test 
sections have identical subgrade and base construction (Carlson and Zhu 1999). The 
photo shows just how durable an asphalt rubber overlay is when compared to a 
conventional asphalt overlay even though the conventional asphalt overlay was twice as 
thick. 
 
Figure 2.2 - 4" Conventional Asphalt (Left) and 2" Asphalt Rubber Overlays 
(Right) on Portland Concrete Cement Pavement (Carlson and Zhu 1999). 
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Issues with Rubber Modified Asphalt 
 
The most common objections to using rubber modified asphalt are high initial 
costs, hazardous emissions, and expensive equipment modifications. However, these 
issues have been effectively addressed by a large number of research projects. Crumb 
rubber as a modifier in asphalt pavement has been used for years in many countries, 
including the US. The natural properties of crumb rubber introduce age-resistance, noise-
reducing properties, and reduced temperature susceptibility compared to conventional hot 
mix asphalt (Dong et al. 2011). 
Because of the poor compatibility between the asphalt and the crumb rubber, it is 
not easy to add more than 20% crumb rubber (by binder weight) to the asphalt binder. 
High processing temperatures (over 190°C) create environmental pollution. In addition, a 
traditional asphalt rubber mixture can require 20% more binder than that used in a 
conventional hot mix asphalt pavement. The high initial cost, together with the 
uncertainty regarding future benefits, has delayed the large-scale acceptance of asphalt 
rubber technology (Dong et al. 2011). 
Yang and Yin state that through design and laboratory testing of a porous asphalt 
mixture with crumb rubber modifier and high viscosity binder, the performance at the 
normal in-service high temperature of 60°C revealed the following conclusions. Greater 
G*/sin at the testing temperature from the DSR test does not necessarily indicate better 
high temperature performance of crumb rubber modified mixes. The viscosity may be a 
critical factor for crumb rubber modifiers used in porous asphalt. Triaxial compression 
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tests indicated that porous asphalt mixes made with crumb rubber modifiers have a higher 
rutting potential than conventional asphalt pavements (Yang and Yin 2009).  
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CHAPTER THREE 
EXPERIMENTAL MATERIALS AND METHODS 
 This chapter summarizes the materials and methods used to satisfy the objectives 
of this research. The materials used in the preparation of the mixes consisted of aggregate 
(single source, two gradations), cellulose fibers (0.3% by mixture weight), two grades of 
asphalt binder (PG 64-22 and PG 76-22), crumb rubber (ambient ground, -30 mesh), and 
hydrated lime (1% by aggregate weight). The main component of each mix that was 
varied was the binder (64-22, 76-22, 5% -30 mesh GTR, and 12% -30 mesh GTR). The 
research was divided into two different phases: draindown and mixture performance. The 
optimum binder content (OBC) ranges for each mix design was chosen based on the 
binder draindown curves that were developed during the first phase of research. After the 
draindown curves were evaluated, the optimum binder content of each mix was 
determined and 12 compacted specimens were made for each mix design. The mix design 
specimens were tested to evaluate the properties of each mix including porosity, 
permeability, indirect tensile strength, rutting, and abrasion resistance.  
Aggregate 
 
 For this study, one crushed granite aggregate source was used having the 
properties defined in Table 3.1. The aggregate was sampled from the quarry and brought 
back to the lab where it was dried in an oven at 110⁰C, then mechanically sieved into 
individual size fractions needed for the different mixture gradations, as seen in Table 3.2.  
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Table 3.1- Aggregate Properties 
Property Value 
Bulk Specific Gravity 2.60 
Bulk Specific Gravity (SSD) 2.62 
Apparent Specific Gravity 2.65 
Absorption 0.8% 
LA Abrasion Loss (C Grading) 29% 
 
Table 3.2 – Aggregate Gradations Evaluated in this Study 
Sieve 
Gradation A 
(% Passing) 
Gradation B 
(% Passing) 
¾-inch (19.0 mm) 100.0 100.0 
½-inch (12.5 mm) 94.0 100.0 
⅜-inch (9.50 mm) 69.0 99.0 
No. 4 (4.75 mm) 19.0 48.0 
No. 8 (2.36 mm) 6.0 10.0 
No. 30 (0.60 mm) 4.0 4.0 
No. 100 (0.15 mm) 2.3 2.0 
No. 200 (0.075mm) 1.0 1.0 
 
Binder 
 
 Two different binder grades were used in this study. The first was a PG 64-22 
which is used for most non-interstate HMA paving in the state of South Carolina. The 
second binder type was a PG 76-22 styrene-butadiene-styrene (SBS) modified binder 
which is commonly used across the United States because of its resistance to deformation 
and draindown when compared to PG 64-22.  Table 3.3 shows the properties of each 
binder.  Minus 30 mesh GTR was added to PG 64-22 at 5% and 12% by weight of binder 
using a low shear mixer to produce two rubber modified binders that were evaluated in 
this study.  The standard test procedures that were used to characterize the binders are 
listed in Table 3.4. 
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Table 3.3 – Properties of the Binders 
Property 
Binder 
PG 64-22 PG 76-22 5% GTR 12% GTR 
Original  
Viscosity @ 135⁰C 
Viscosity @ 165⁰C 
Pass-Fail Temp. (⁰C) 
 
0.40 Pa·s 
0.25 Pa·s  
66.4⁰C 
 
0.87 Pa·s  
0.42 Pa·s 
82.9⁰C  
 
0.62 Pa·s  
0.26 Pa·s  
68.7⁰C 
 
0.74 Pa·s 
0.54 Pa·s 
78.6⁰C 
RTFO Aged 
Pass-Fail Temp. (⁰C) 
Mass Change 
 
68.3⁰C 
0.03% 
 
83.5⁰C 
0.01% 
 
72.4⁰C 
0.01% 
 
76.5⁰C 
0.00% 
PAV Aged 
G*sin@ 25⁰C 
G*sin@ 31⁰C 
Stiffness @ -12⁰C 
m-value @ -12⁰C 
 
4603 kPa 
n/a 
97.4 MPa 
0.354 
 
n/a 
1299 kPa 
132.0 MPa 
0.360 
 
2490 kPa  
n/a 
108.0 MPa  
0.352 
 
n/a 
922 kPa 
104.4 MPa 
0.324 
 
Table 3.4 – Binder Testing Procedures 
Test Procedure Standard  
Bending Beam Rheometer (BBR) AASHTO T 313 
Dynamic Shear Rheometer (DSR) AASHTO T 315 
Rotational Viscometer AASHTO T 316 
Rolling Thin Film Oven (RTFO) ASTM D2872 
Accelerated Aging of Asphalt Binder  AASHTO R 28 
 
Preparation of CRM Binders 
 
 Two sealed 5 gallon buckets of PG 64-22 were heated until the binder was fluid 
enough to pour 600 g of binder into metal 1 quart cans. The 1 quart cans were then sealed 
until the addition of the GTR.  Before the binder could be blended with GTR, an 
individual can of binder was placed in a 163⁰C oven for approximately 75 minutes until 
the temperature of the binder stabilized. The can of binder was then placed on a metal 
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pan filled with sand on top of a hot plate and the heating continued until the temperature 
of the binder reached 182⁰C. Then, a mechanical mixer equipped with a high shear radial 
flow impeller having a diameter of 50.8 mm began mixing the binder at a speed of 700 
rpm for duration of 30 minutes.  Once the mixing started, the appropriate amount of -30 
mesh GTR was continuously added to the binder within approximately two minutes. 
After 30 minutes of mixing, the can of GTR binder was labeled, sealed and allowed to 
cool to room temperature. Figure 3.1 shows the setup for the blending of the GTR binder. 
The particle size distribution of the crumb rubber was determined in accordance with 
ASTM D5644.  The sieve analysis of the crumb rubber can be seen in Table 3.5. 
 
Figure 3.1 - Apparatus Used for Blending of CRM Binder  
Table 3.5 – Sieve Analysis of Crumb Rubber  
Sieve % Passing  
No. 16 (1.19 mm) 100 
No. 30 (0.60 mm) 93.2 
No. 50 (0.30 mm) 26.0 
No. 100 (0.15mm) 2.4 
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Additives 
 
Cellulose fibers and hydrated lime were used in this research project. Cellulose 
fibers are a biodegradable material made from paper stock that adds stability to the binder 
and helps to absorb excess binder which allows the binder content of the mixtures to be 
increased without having a draindown/pore clogging problem. The cellulose fibers were 
added at a rate of 0.3% by total weight of mix. 
Hydrated lime is an anti-stripping additive that is used by many states with 
stripping problems. The hydrated lime was added to the dry aggregate at a rate of 1% of 
the aggregate weight.  Water was then added to the mix at a rate of 5 % by weight of the 
aggregate. The aggregate, lime and water were mixed together until the lime thoroughly 
coated the aggregate particles. The aggregate batch was then placed in the oven to dry at 
the respective mixing temperature for a particular mix. 
Experimental Methods  
 
 Draindown testing was performed on all the mixes in accordance with AASHTO 
T305-97 (2005) with the exception that the tests were only performed at the mixing 
temperature for each mix (Table 3.6). This testing procedure entailed measuring the 
binder lost from the mix placed in a draindown basket (No. 4 mesh) and conditioned at 
the mixing temperature for 3 hours with the draindown being measured every hour. Two 
draindown specimens were tested per binder content over a binder content range (Table 
3.6). This test showed the amount of binder draindown relative to the binder content of 
the mix. A maximum draindown of 0.3% by weight of total mix is typically the limiting 
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value for determining acceptable performance of draindown of an asphalt mix (Kandhal 
2003). Equation 3.1 was used to calculate the draindown of each mix.  
 
           ( )   
     
  
          Equation 3.1 
Where: 
Mi = Mass of plate before draindown test 
Mf = Mass of plate after draindown test 
Mt = Total mass of asphalt sample 
Table 3.6 – Temperatures and Binder Content Range for Draindown Testing 
Mixture Gradation Binder 
Binder 
Content 
Range 
Test 
Temperature 
64-22 
A PG 64-22 4.5-6.5% 157⁰C (315⁰F) 
B PG 64-22 4.5-6.5% 157⁰C (315⁰F) 
76-22 
A PG 76-22 5.5-7.5% 163⁰C (325⁰F) 
B PG 76-22 5.5-7.5% 163⁰C (325⁰F) 
64-22 With 
Fibers 
A PG 64-22 4.5-6.5% 157⁰C (315⁰F) 
B PG 64-22 4.5-6.5% 157⁰C (315⁰F) 
76-22 With 
Fibers 
A PG 76-22 5.5-7.5% 163⁰C (325⁰F) 
B PG 76-22 5.5-7.5% 163⁰C (325⁰F) 
5% -30 Mesh 
(Low Shear) 
A 5% GTR 5.0-7.0% 163⁰C (325⁰F) 
B 5% GTR 5.0-7.0% 163⁰C (325⁰F) 
12% -30 Mesh 
(Low Shear) 
A 12% GTR 5.5-7.5% 163⁰C (325⁰F) 
B 12% GTR 5.5-7.5% 163⁰C (325⁰F) 
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Once the draindown testing was completed, the optimum binder content (OBC) 
for each mixture was determined in accordance with SC-T-91, the SCDOT test method 
for designing OGFC mixtures (SCDOT 2010). The uncompacted asphalt mixture was 
placed into a 9-in. by 13-in. clear Pyrex dish having a 2-in. depth. The mixture was 
placed inside an oven at the respective mixing temperature for two hours. After two 
hours, the OBC was determined by judging the appearance of the asphalt through the 
Pyrex dish. The correct OBC for a mix design is that at which there is not excessive 
binder draindown or filling of uncompacted voids in the mix, nor so little binder that the 
binder film is too thin. A reference for determining the optimum binder content is 
provided in Figure 3.2 (SCDOT 2010). After the optimum binder content for each mix 
was determined, twelve specimens were compacted. The mixing and compaction 
temperatures for making the specimens are included in Table 3.7.  
 
Figure 3.2 – Reference for Selecting Optimum Binder Content of Porous Asphalt 
Mixtures in Accordance with SC-T-91 (SCDOT 2010)  
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Table 3.7 – Mixing and Compaction Temperatures 
Mixture Gradation Binder 
Mixing 
Temperature  
Compaction 
Temperature 
64-22 
A PG 64-22 157⁰C (315⁰F) 152⁰C (305⁰F) 
B PG 64-22 157⁰C (315⁰F) 152⁰C (305⁰F) 
76-22 
A PG 76-22 163⁰C (325⁰F) 157⁰C (315⁰F) 
B PG 76-22 163⁰C (325⁰F) 157⁰C (315⁰F) 
64-22 With 
Fibers 
A PG 64-22 157⁰C (315⁰F) 152⁰C (305⁰F) 
B PG 64-22 157⁰C (315⁰F) 152⁰C (305⁰F) 
76-22 With 
Fibers 
A PG 76-22 163⁰C (325⁰F) 157⁰C (315⁰F) 
B PG 76-22 163⁰C (325⁰F) 157⁰C (315⁰F) 
5% -30 Mesh  
A PG 64-22 163⁰C (325⁰F) 157⁰C (315⁰F) 
B PG 64-22 163⁰C (325⁰F) 157⁰C (315⁰F) 
12% -30 Mesh  
A PG 64-22 163⁰C (325⁰F) 157⁰C (315⁰F) 
B PG 64-22 163⁰C (325⁰F) 157⁰C (315⁰F) 
 
 To fulfill the objectives of this study, four different types of asphalt specimens 
were made for testing (3 uncompacted and 1 compacted): draindown (1200g 
uncompacted), optimum binder content determination (1000g uncompacted), maximum 
specific gravity (1500g uncompacted), and porosity, permeability, abrasion resistance, 
rutting, and indirect tension testing (3800g compacted).   A total of twelve compacted 
specimens were made for each mix at the respective optimum binder content.   The 
specimens were compacted using a Superpave gyratory compactor at 50 gyrations per 
specimen and a consolidation pressure of 600 kPa (87 psi). The compacted specimens 
had a diameter of 150 mm and a height of 115±5 mm. Once the specimens were 
compacted, the mold was set in front of a fan to cool for about 25 minutes before removal 
from the mold. 
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Porosity 
 
The porosity of each specimen was measured using the procedure outlined by 
Montes et al. (2005), which is summarized in the following steps: 
1. Recorded the dry mass of the specimen to the nearest 0.1 g (Wdry). 
2. Measured and recorded the height and diameter of each specimen at three 
representative locations to the nearest (0.1mm). Then calculated the average 
height (Havg) and diameter (Davg) of each specimen.  
3. Calculated the total volume of each specimen using the following equation:  
   
(    )
        
 
                     Equation 3.2 
Where: 
    - Average diameter of the specimen 
    - Average height of the specimen 
  - Total volume of the specimen 
4. The specimen was submerged in 25⁰C water for 30 minutes. 
5. After 30 minutes, while keeping the specimen submerged, the specimen was 
inverted 180⁰ being careful not to remove the specimen from the water.  
6. The specimen was kept submerged, then tapped 5 times against the side of the 
tank without damaging the specimen, then inverted 180⁰.  
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7. The submerged mass of the specimen was then measured and recorded without 
exposing it to the air (Wsub1). 
8. The temperature of the water was recorded. 
9. The porosity was calculated using the following equation: 
                     ( )   [  
(
         
  
)
  
]               Equation 3.3 
Where: 
    - Weight of the dry specimen 
    - Weight of the submerged specimen 
  - Total volume of the specimen 
  - Density of water at 25⁰C 
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Permeability 
 
 A falling head test procedure was used to test permeability for this study. The 
experimental setup for this test procedure included a 6-in. inside diameter standpipe, a 
valve, and a u-shaped fitting as illustrated in Figure 3.3. The specimen preparation 
materials included plumbers putty, plastic wrap, clear tape, and a stopwatch.  
 
Figure 3.3 – Permeameter Apparatus 
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The first step to preparing a specimen was to wrap the specimen in plastic wrap 
around the sides to force the water to exit through the bottom of the specimen instead of 
out the circumference of the specimen. A piece of clear tape was then placed along the 
top of the specimen (sticky side facing out), so that once the specimen was in the stand 
pipe, water couldn’t flow between the specimen and standpipe. The specimen was then 
placed into the standpipe. Plumbers putty was then placed on the outer edge of the 
specimen, over the clear tape, to prevent any water leakage between the standpipe and the 
specimen.  The water outlet was located at the same elevation as the top of the specimen 
and all of the pipes were leveled. The specimen preparation for the permeability test can 
be seen in Figure 3.4. 
 
Figure 3.4 – Permeability Test Setup  
 
 After the specimen was secured in the standpipe, the specimen was initially 
saturated with water by filling the outlet pipe. The standpipe was then filled with water to 
approximately 15-in above the specimen, and the valve at the bottom of the specimen 
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was opened to allow the water to flow through the specimen. The time required for the 
water to fall from a level of 12-in above the specimen (h1) to 3-in above the specimen 
(h2) was recorded using a stopwatch and repeated three times per specimen. The average 
time was then used to calculate the permeability of each specimen using Equation 3.4. 
 
               
  
  
   (
  
  
)                                                     Equation 3.4  
Where: 
A- Cross-sectional area of the specimen 
a- Area of the stand pipe 
L- Height of the specimen 
t- Time required for water to fall from h1 to h2 
h1- Water head at the beginning of the test (12-in) 
h2- Water head at the end of the test (3-in) 
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After the initial testing was completed, the twelve specimens for each mix design 
were divided into 4 groups for the next phase of testing (2 specimens for aged porosity 
and permeability, 4 specimens for indirect tensile strength (ITS), 3 specimens for rut 
testing in the Asphalt Pavement Analyzer (APA), and 3 specimens for aged Cantabro 
abrasion). The standard test procedures that were used during testing are listed in Table 
3.8. The porosity data was used to group the specimens to ensure that each group was 
representative of the overall mix design properties. To verify that the four test groups 
were similar with respect to porosity, an analysis of variance (ANOVA) was performed 
using α=0.05.  
Table 3.8 – Porous Asphalt Mixture Testing Procedures 
Test Procedure Standard  
Maximum Specific Gravity (MSG) ASTM D2041 
Draindown AASHTO T305 
Optimum Binder Content (OBC) SC-T-91 
Specimen Compaction ASTM D6925 
Cantabro Abrasion  ASTM D7064 
Determination of Moisture Susceptibility SC-T-70 
Determining Rutting Susceptibility AASHTO T340 
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Abrasion Resistance 
 
 The Cantrabro abrasion test was used to measure the abrasion resistance of the 
asphalt mixtures after aging for 7 days in a temperature controlled chamber at 60⁰C. 
Three specimens out of the twelve were tested using the procedure outlined in the ASTM 
D7064 standard. The test was conducted by recording the initial weight of the specimen 
then placing the specimen in the Los Angeles abrasion apparatus for 300 revolutions 
without the steel charge at room temperature.  Once the 300 revolutions were complete, 
the specimen was removed and the final weight was recorded. The percent mass loss was 
then calculated by dividing the mass loss by the initial mass of the specimen.  
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Rutting Resistance 
  
 The Asphalt Pavement Analyzer (APA) was used to evaluate the potential for 
rutting of porous and OGFC mixes in accordance with ASSHTO T340. A total of 36 
specimens (3 specimens for each mix type) were used to conduct this test. The specimens 
were compacted at 50 gyrations by a gyratory compactor. The specimens were 
compacted based on the number of gyrations not height; therefore, the specimens had to 
be sawn off to the recommended height of 75± 2 mm. Figure 3.5 shows the APA 
specimen after it has been cut to the correct height.   APA testing was conducted at a test 
temperature of 64⁰C. The specimens were conditioned in the APA chamber for 4 hours 
prior to testing.  The test was run for 8000 cycles and the rut depths were measured 
manually after 500, 1000, 1500, 2000, 3000, 5000, and 8000 cycles to develop the rate of 
rutting for each binder type. The rut development curves were used to calculate the initial 
and secondary dynamic stability of each mix design. Figure 3.6 shows how the primary 
and secondary stabilities were calculated a defined by (Putman and Amirkhanian 2004). 
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Figure 3.5 – Sawn Off APA Specimen 
 
   
APA Specimen 
Sawn off section 
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Figure 3.6 – Primary and Secondary Dynamic Stability Calculation 
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Primary Dynamic Stabilty= 1/m1 
 
Secondary Dynamic Stability= 
Primary Line: 
Y1=m1x + b 
Second Line: 
Y2=m2x + b 
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Moisture Susceptibility 
 
 Twenty-four specimens were used to test for dry indirect tensile strength (ITS) 
and twenty-four different specimens were conditioned and tested to determine the 
conditioned ITS in accordance with SC-T-70. The specimens were compacted using 50 
gyrations of a gyratory compactor.  
 For the wet conditioned ITS specimens the % saturation minimum was ignored 
because they were porous specimens. The specimens were placed in a 60⁰C water bath 
for 24 hours and then placed in a 25⁰C water bath for 1 hour before conducting the 
indirect tensile strength test. The dry conditioned specimens were conditioned at 25⁰C for 
the duration prior to testing. The ITS was measured by applying a load using a 
compression testing machine with a rate of 2 inches per minute through two 0.75 inch-
wide metal strips. The ITS of the dry and wet conditioned specimens were calculated 
using the following Equation 3.5: 
     
 ( )
( )( )( )
                                                     Equation 3.5  
Where: 
L- Maximum load applied 
H- Height of the specimen 
D- Diameter of the specimen 
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 After the ITS for both the dry and wet conditioned specimens were calculated, the 
Tensile Strength Ratio (TSR) for each mix type was calculated. The TSR equation can be 
seen below: 
     
 
 
                                                         Equation 3.6  
Where: 
N- Average indirect tensile strength of wet conditioned specimens 
P- Average indirect tensile strength of dry conditioned specimens 
 Table 3.9 below represents the abbreviations used for the mix designs throughout 
this study.  
Table 3.9 – Legend for the Mix Designs 
Mix Design Abbreviation 
PG 64-22 64 
PG 64-22 With Fibers 64F 
PG 76-22  76 
PG 76-22 With Fibers 76F 
5% -30 Mesh 5% GTR 
12% -30 Mesh 12% GTR 
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CHAPTER FOUR 
RESULTS AND DISCUSSION  
In this chapter, the experimental results for 12 different mix designs (64-22, 76-
22, 64-22 w/fiber, 76-22 w/fiber, 5% GTR, 12% GTR, each with two different 
gradations) are presented. First, uncompacted specimens were tested for draindown and 
optimum binder content (OBC). Then compacted specimens were produced for porosity, 
permeability, Cantabro abrasion, indirect tensile strength, and rut resistance testing.  
Binder Properties 
 
 The four binders used to prepare porous asphalt mixtures for this study were 
tested in accordance with the methods defined in Chapter Three of this thesis. Figure 4.1 
presents the viscosity of the binders tested at 135⁰C and 165⁰C. The viscosity of the 
binders were tested at 135⁰C and 165⁰C because these temperatures represent typical 
mixing (165⁰C) and compaction (135⁰C) temperatures of asphalt binders. For the 
viscosity at 135⁰C, the addition of the GTR to the binder increased the viscosity. The PG 
76-22 binder had the highest viscosity and PG 64-22 had the lowest viscosity with 5% 
and 12% GTR falling in between these values. The 12% GTR binder had a higher 
viscosity than 5% GTR.  
 For the viscosity at 165⁰C, the viscosity of the 12% GTR increased when 
compared to PG 64-22 and PG76-22 due to the addition of the GTR to the binder.  12% 
GTR had the highest viscosity at 165⁰C, and PG 64-22 had the lowest viscosity.  The 
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statistical analysis of the different binder types are seen in Table 4.1. For the viscosity of 
the original binder at 165⁰C, PG 64-22 and 5% GTR were statistically similar.  The 12% 
GTR had closer viscosity values to that of PG 76-22 for both temperatures. The 5% GTR 
viscosity behaved like a PG 64-22 for the viscosity at 165⁰C and increased the viscosity 
of the binder at 135⁰C.  
 
Figure 4.1 – Viscosity of Original Binder 
Table 4.1 – Statistical Analysis of the Different Binder Types   
Property 
Binder Type 
PG 64-22 PG 76-22  5% GTR 12% GTR 
Viscosity @ 135⁰C D A C B 
Viscosity @ 165⁰C C B C A 
Original Pass-Fail Temp D A C B 
RTFO Pass-Fail Temp D A C B 
PAV G*sin@ 25⁰C A C B D 
PAV Stiffness B A B B 
PAV m-value A A A B 
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The original binder was tested for the high PG failure temperature using the 
dynamic shear rheometer (DSR).  The binder was then aged using the Rolling Thin Film 
Oven (RTFO) and Pressure Aging Vessel (PAV) for each binder type. Figure 4.2 
summarizes the original and RTFO failure temperatures as measured using the DSR for 
each binder. The results show that the PG 64-22 was classified as a PG 64-xx grade 
binder; PG 76-22 was classified as a PG 82-xx grade binder; 12% GTR was classified as 
a PG 76-xx grade binder; and 5% GTR was classified as a PG 64-xx grade binder for the 
original and PG 70-xx grade binder for the RTFO.  The 5% and 12% GTR increased in 
the high failure temperature for both the original and RTFO aged binders when compared 
to the PG 64-22.  Table 4.1 shows the statistical analysis of the different binder types for 
the high failure temperature of the original and RTFO aged binders. The high failure 
temperature for all the binder types was significantly different when compared to one 
another for the original and RTFO aged binders. 
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Figure 4.2 – High Failure Temperatures for Unaged and RTFO Aged Binders 
 
 Figure 4.3 presents the G*sin value for the PAV aging of each binder type at the 
temperature that each grade is tested for the specific binder grade. The G*sin value 
represents how susceptible that binder is to fatigue cracking. The higher the G*sin 
value, the more that mix is susceptible to fatigue cracking. For the PG 64-22 grade binder 
and 5% GTR, the test temperature was 25⁰C and for the PG 76-22 and 12% GTR, the test 
temperature was 31⁰C. The G*sin value at the verified temperature has to be less than 
5000 kPa; all the binder types pass this requirement. The 5% GTR decreased the G*sin 
value when compared to the PG 64-22, which make it more resistant to fatigue cracking 
than PG 64-22. The 12% GTR decreased the G*sin value when compared to the PG 76-
22, which make it more resistant to fatigue cracking than PG 76-22. 
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Figure 4.3 - PAV Aged G*sin Value for Each Binder Type 
 
Figure 4.4 represents the stiffness and m-value of the binder types based on the 
Bending Beam Rheometer (BBR) procedure. The BBR test provides a measure of low 
temperature stiffness and relaxation properties of asphalt binders. The stiffness and m-
value indicate an asphalt binder’s ability to resist low temperature cracking. PG 76-22 
had the highest stiffness and m-value, while PG 64-22 had the lowest stiffness, and 12% 
GTR had the lowest m-value. Table 4.1 represents the statistical analysis for the stiffness 
and m-value. For the stiffness of the PAV aged binders, PG 64-22, 5% GTR, and 12% 
GTR were statistically similar.  For the m-value of the PAV aged binder, PG 64-22, PG 
76-22, and 5% GTR were statistically similar. The addition of GTR to the PG 64-22 
binder affected the low temperature properties of the binder by slightly increasing the 
stiffness of the binder and decreasing the m-value when compared to the PG 64-22 base 
binder, but the differences were not statistically significant.  
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(a) 
 
(b) 
Figure 4.4 – Low-Temperature (-12oC) (a) Stiffness and (b) m-value of the Binders 
from the Bending Beam Rheometer (BBR) 
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Binder Draindown 
 
Uncompacted specimens were tested for draindown for each of the 12 mix 
designs in accordance with AASHTO T305. For mix 64 and 64F, the draindown was 
tested at 157⁰C. For mix 76, 76F, 5% GTR and 12% GTR, the draindown was tested at 
163⁰C. The maximum allowable amount of draindown is 0.3% (after one hour), which is 
set by most agencies that require draindown testing. The draindown was measured in one 
hour increments for three hours. This was done to see if the draindown increased after the 
first hour occurs. The draindown curves created in this study can be seen in Figures 4.5 
and 4.6. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 4.5 – Gradation A Draindown Results for Mix (a )64, (b) 64F, (c) 76, (d) 76F, 
(e) 5% GTR, and (f) 12% GTR 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 4.6 – Gradation B Draindown Results for Mix (a) 64, (b) 64F, (c) 76, (d) 76F, 
(e) 5% GTR, and (f) 12% GTR 
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the same draindown as mix 76F at a given binder content. The binder draindown 
increased after two and three hours for mixes 64, 76 and 5% GTR for gradation A. After 
one hour, for gradation B, 64F, 5% and 12% GTR mixes show about the same draindown 
as mix 76F for a given binder content. The binder draindown increased after two and 
three hours for mixes 64 and 76 for gradation B. This could be seen because nothing was 
in these mixes to absorb the excess binder after the first hour.  Gradation A had higher 
draindown than gradation B for a given binder content, which was because gradation B 
had more surface area for the binder to coat instead of draining down. The raw draindown 
data can be seen in Appendix A. 
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Optimum Binder Content  
 
 To determine the optimum binder content of the 12 mix designs, uncompacted 
specimens were placed in a clear Pyrex dish and conditioned for 2 hours at the respective 
mixing temperature in accordance with SC-T-91 (SCDOT 2010). For mixes 64 and 64F, 
the OBC was determined at 157⁰C. For mixes 76, 76F, 5% GTR and 12% GTR, the OBC 
was determined at 163⁰C.  As seen in Figure 4.7, the highest optimum binder content 
(OBC) for both gradations was that of the PG 76-22 with cellulose fibers. The OBC of all 
the mixes ranged from 5.0% to 7.5 %, the lowest being PG 64-22 without fiber.  
The use of rubber modified binder increased the OBCs, which indicates a thicker 
binder coating around the aggregate particles. Cellulose fibers are typically used to 
increase OBC in mix designs; therefore, it was expected to see the OBC be greater for the 
mixes containing fibers compared to those without fibers for a given binder. These results 
show that rubber modified binder results in increased OBC, without adding fibers and 
without increasing binder draindown. The visual draindown OBC photos can be seen in 
Appendix B. 
The effect of aggregate gradation on the OBC is clearly visible in Figure 4.7.  The 
finer Gradation B yielded mixtures having higher binder contents due to the increased 
surface area. While this was true for the mixes without GTR (64, 64F, 76, and 76F), the 
OBCs of the mixes made with rubber modified binders were not affected by the gradation 
as they had the same OBC for each gradation.    
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Figure 4.7 – Optimum Binder Content  
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Porosity 
 
 The porosity of each specimen was determined using the method outlined by 
Montes et al. (2005). Porosity is the measure of the water accessible void spaces in a 
structure, and is a fraction of the volume of the accessible voids over the total volume. 
Figure 4.8 shows the average porosity for each of the mixtures. It can be seen that 
gradation B has lower porosity values than gradation A, for all of the mix types. 
Gradation A has coarser aggregates; therefore, larger air voids are present. The more air 
voids present, the higher the porosity of that specimen. Mixes 64, 76, and 5% GTR had 
the highest porosity for both gradations out of all of the mixes.  
The statistical analysis for porosity is displayed in Tables 4.2 and 4.3. When 
comparing gradation A for all mix types, it can be seen that mix 64, 5% GTR, and 76 are 
statistically similar when comparing porosity. Mix 64F, 76F and 12% GTR are not 
statistically similar to any other mix design for gradation A. The addition of the cellulose 
fibers decreased the porosity of the mixes for gradation A. The 5% GTR and PG 64-22 
had similar porosities when comparing gradation A. The 12% GTR a lower porosity 
value than PG 64-22 but not as low as the addition of fibers for mixes 64F and 76F.  This 
means that the addition of GTR does decrease porosity but not as much as the addition of 
0.3% cellulose fibers. 
 When looking at gradation B for all mix types, mix 64F and 76F are statistically 
similar when comparing porosity. Mixes 76F and 5% GTR are also statistically similar to 
one another. The 5% GTR had a lower porosity value than PG 64-22 but not as low as the 
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addition of fibers for mixes 64F and 76F when comparing gradation B. The 12% GTR 
had the lowest porosity value. When comparing gradation A to B, Mix 76F is the only 
mix design that did not have a significant difference between gradation A and B. The 
addition of the cellulose fibers decreased the porosity of the mixes for gradation B as did 
for gradation A. The porosity data may be seen in Appendix C.  
 
Figure 4.8 – Average Porosity for Each Binder Type  
 
Table 4.2 - Statistical Analysis of Porosity for Gradations A and B  
Mix 
Comparison of 
Gradation A 
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Table 4.3 - Statistical Analysis of Porosity for Gradations A Compared to B 
Mix Significant Difference * 
64 Y 
64F Y 
76 Y 
76F N 
5% GTR Y 
12% GTR Y 
*Y = Significant difference and N = Non-significant difference between Gradation A and 
Gradation B 
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Permeability 
 
 The permeability of the 12 mix designs was evaluated using the falling head test 
outlined in Chapter Three. Permeability is the measure of the rate at which water flows 
through a porous media.  The average permeability for each mix is displayed in Figure 
4.9 and the results of the statistical analysis for significant difference are summarized in 
Table 4.4. In all cases, gradation A had significantly higher permeability rates than 
gradation B as indicated in Table 4.5. This was expected because gradation B has a finer 
aggregate gradation and lower porosity. 
When comparing gradation A, mix 76F and 12% GTR had the lowest 
permeability. Without the addition of cellulose fibers or GTR, mixes 64 and 76 had the 
highest permeability rates for gradation A. When comparing gradation B, mix 76F had 
the lowest permeability rate and mix 64 had the highest permeability rate. It was expected 
to see that mix 76F would have the lowest permeability rates because the addition of 
cellulose fibers can clog the void space. The addition of fibers decreased the permeability 
rates of the specimens for both gradations. The addition of GTR decreased the 
permeability rates of the specimens for both gradations but the permeability of the 
specimens was still higher than those of mix 76F.  
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Figure 4.9 – Average Permeability for Each Binder Type  
 
The statistical analysis of the permeability for each of the mixes is displayed in 
Table 4.4. One hypothesis is that rubber modified binder and cellulose fibers fill the void 
space causing a decrease in permeability. When comparing gradation A, mixes 64 and 
64F had similar permeability rates. Mixes 76 and 64 had similar permeability rates and 
mixes 76F and 12% GTR had similar permeability rates. Mix 5% GTR was not 
statistically similar to any other mix design when comparing gradation A. 
 Looking at the comparison of gradation B, mix 76 and 5% GTR had comparable 
permeability rates. Mix 64F and 12% GTR also had similar permeability rates when 
comparing permeability rates of each specimen.  The lower permeability rates are those 
with fibers and GTR binder.  This helps to support that the addition of rubber modified 
binder and cellulose fibers, may fill the air voids of the structure causing the permeability 
of a mix design to decrease. The permeability data may be seen in Appendix D. 
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Table 4.4 - Statistical Analysis of Permeability for Gradations A and B  
Mix 
Comparison of 
Gradation A 
Comparison of 
Gradation B 
64 AB A 
64F B C 
76 A B 
76F D D 
5% GTR C B 
12% GTR D C 
 
Table 4.5 - Statistical Analysis of Permeability for Gradations A Compared to B 
Mix Significant Difference * 
64 Y 
64F Y 
76 Y 
76F Y 
5% GTR Y 
12% GTR Y 
*Y = Significant difference and N = Non-significant difference between Gradation A and 
Gradation B 
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Aged Porosity and Permeability 
 Two specimens from each mix design were aged for 7, 14, and 28 days at 60⁰C. 
This was done to see how aging affects the porosity and permeability of the asphalt 
specimens over time. The long-term aging could potentially decrease the porosity and 
permeability of the specimen by binder draindown clogging the pores of the structure 
over time. The porosity and permeability for each specimen were measured at each time 
period.  In Figure 4.10, the average aged porosity for gradation A and B for all twelve 
mix designs can be seen. 
 When comparing gradation A, the aged porosity (Day 7, 14, and 28) of the 
specimens had higher values than the unaged porosity (Day 0) except for 5% GTR, which 
had a lower 14 day aged porosity.   Several trends can be seen in Figure 4.10 (a), but the 
most common trend that is seen for gradation A, is that the porosity increases at 7 days, 
then decreases at 14 days and increases again at 28 days.  This can be seen for mixes 64, 
5% GTR, and 12% GTR for gradation A. 
 When comparing gradation B, the aged porosity (Day 7, 14, and 28) of the 
specimens had higher values than the unaged porosity (Day 0) except for mixes 64F and 
12% GTR. The highest porosity for each mix design for gradation B can be seen at the 28 
day aged time period except for mix 64.  
 
 
55 
 
 
 
(a) 
 
(b) 
Figure 4.10 – Average Porosity for (a) Gradation A and (b) Gradation B for Each 
Mix Type 
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 Table 4.6 represents the statistical analysis comparing the aged porosity over time 
for each mix design for gradation A. The aged porosity of the 5% GTR increased from 
day 0 to 28 days of aging. The 12% GTR aged porosities were statistically similar for 0 to 
28 days of aging.  The 12% GTR showed the same trend as mixes 64 and 76. The 
porosities of the 12% GTR did not vary much with respect to the aged time.  
 Table 4.7 represents the statistical analysis comparing the aged porosity over time 
for each mix design for gradation B. Some of the same trends seen in gradation A can be 
seen in gradation B. The aged porosity of the 5% GTR increased from day 0 to 28 days of 
aging. The 12% GTR aged porosities were statistically similar for 0 to 28 days of aging.  
The 12% GTR showed the same trend as mix 64. The porosities of the 12% GTR did not 
vary much with respect to the aged time. 
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Table 4.6 – Statistical Analysis Comparing the Aged Porosity over Time for Each 
Mix Design for Gradation A (Across the Row) 
Mix Type 
Days Aged  
0 Days 7 Days 14 Days 28 Days 
64 A A A A 
64F B B B A 
76 A A A A 
76F B A A A 
5% GTR B AB B A 
12% GTR A A A A 
 
Table 4.7 – Statistical Analysis Comparing the Aged Porosity over Time for Each 
Mix Design for Gradation B (Across the Row) 
Mix Type 
Days Aged  
0 Days 7 Days 14 Days 28 Days 
64 A A A A 
64F B B B A 
76 B A A A 
76F B A A A 
5% GTR B A A A 
12% GTR A A A A 
 
 
In Figure 4.11, the average aged permeability for gradations A and B for all 
twelve mix designs can be seen. It was expected that the permeability rate of the 
specimens would decrease with age because the voids would become filled with binder 
that had drained down during the aging process. This trend can be seen, the aged 
permeability at 28 days is lower than the unaged permeability for all the mix designs in 
gradation A except for 12% GTR. Mixes 64F,76, 76F, 5% GTR and 12% GTR show an 
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initial increase in permeability from 0 to 7 days of aging then decrease for the 14 and 28 
day aging for gradation A.  
The aged permeability at 28 days is lower than the unaged permeability for all the 
mix designs in gradation B except for mix 76F and 12% GTR.  Mixes 76, 76F, 5% GTR 
and 12% GTR show an initial increase in permeability from 0 to 7 days of aging then 
decrease for the 14 and 28 day aging for gradation B. The aged porosity and permeability 
data may be seen in Appendix E. 
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(a) 
 
(b) 
Figure 4.11 – Average Permeability for (a) Gradation A and (b) Gradation for Each 
Binder Type 
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Table 4.8 represents the statistical analysis comparing the aged permeability over 
time for each mix design for gradation A. 5% GTR had the lowest permeability at 28 
days of aging. The 12% GTR aged permeability was statistically similar for 0 to 28 days 
of aging.  The 12% GTR showed the same trend as mix 64F. The aged permeability of 
the 12% GTR did not vary much with respect to the aged time. 
Table 4.9 represents the statistical analysis comparing the aged permeability over 
time for each mix design for gradation B. The 5% GTR was statistically similar for 0 to 
28 days of aging as well as the 12% GTR showed the same trend. This means that the 
aged permeability of the 5% GTR and the 12% GTR did not vary much with respect to 
the aged time. Mixes 64 and 64F showed the same trend as mixes 5% GTR and 12% 
GTR.  
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Table 4.8 – Statistical Analysis Comparing the Aged Permeability over Time for 
Each Mix Design for Gradation A (Across the Row) 
Mix Type 
Days Aged  
0 Days 7 Days 14 Days 28 Days 
64 AB BC C A 
64F A A A A 
76 B A A C 
76F A A B B 
5% GTR AB A AB B 
12% GTR A A A A 
 
Table 4.9– Statistical Analysis Comparing the Aged Permeability over Time for 
Each Mix Design for Gradation B (Across the Row) 
Mix Type 
Days Aged  
0 Days 7 Days 14 Days 28 Days 
64 A A A A 
64F A A A A 
76 B A A C 
76F C A B B 
5% GTR A A A A 
12% GTR A A A A 
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Abrasion Resistance 
 
 The Cantabro abrasion test method was used to characterize the raveling 
resistance of the porous asphalt mixtures. It is recommended that the abrasion loss from 
the Cantabro test should not exceed 20% for unaged specimens and 30% for aged 
specimens (Kandhal 2002). The specimens were aged for 7 days in a 60⁰C oven before 
the Cantabro abrasion test was run. The aging of the specimens causes oxidation of the 
asphalt binder, which makes the cohesion of the binder weaker due to the brittle nature of 
the oxidized binder.  The oxidation of the also binder causes the bond between the 
aggregate particle and asphalt binder to be more susceptible to failure.  
 Figure 4.12 represents the average abrasion loss for each mix.  Gradation A has a 
higher abrasion loss than gradation B for all mixes. This was expected because gradation 
B has a finer gradation than gradation A. The finer gradation allows a higher aggregate 
surface area to be coated with binder. A higher aggregate binder bond makes the mix 
design more durable.  All the mix types passed the aged 30% loss minimum except 64, 
76, and 64F for gradation A, which failed only by 1-3%. The use of rubber modified 
binder and fibers reduced the abrasion loss thus, increasing the durability of the mixes 
except for mix 64F, gradation A.  
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Figure 4.12 – Average Percent Abrasion Loss for Each Binder Type  
 
 The statistical analysis of the abrasion loss for gradations A and B can be seen in 
Table 4.10.  When comparing gradation A, the statistical analysis showed that mixes 64, 
64F, and 76 were statistically similar to each other. Mixes 76F, 5% GTR, and 12% GTR 
were also statistical similar to each other for gradation A.   
Gradation B showed a different trend; 64, 76, 5% GTR were statistical similar to 
each other. Mixes 76F and 12% GTR were also statistical similar to each other for 
gradation B.  In Table 4.11,comparing gradation A to B, 76F, 5% GTR and 12% GTR do 
not exhibit  significant differences between the gradations for the abrasion loss while 
mixes 64, 64F, and 76 do exhibit  significant differences between the gradations. The 
reason for this could be that mixes 5% GTR and 12% GTR have the same binder content 
for both gradations; therefore, the only thing that varies is the gradation.  The Cantabro 
abrasion data is included in Appendix F. 
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The addition of the cellulose fibers reduces the abrasion loss as seen when 
comparing mix 64 to 64F and mix 76 to 76F. The addition of GTR also reduces the 
abrasion loss when comparing the 12 % GTR (both gradations) to mixes 64, 64F, and 76. 
When comparing 5% GTR to mixes 64, 64F, and 76 for gradation A, a reduction in the 
abrasion loss is seen.  For gradation B, 5% GTR results in a reduction in the abrasion loss 
when compared to mixes 64F and 76.  The addition of cellulose fibers and GTR helps to 
increase the abrasion resistance of porous asphalt mixtures.  
Table 4.10 - Statistical Analysis of Abrasion Loss for Gradations A and B  
Mix 
Comparison of 
Gradation A 
Comparison of 
Gradation B 
64 A B 
64F A A 
76 A B 
76F B C 
5% GTR B B 
12% GTR B C 
 
Table 4.11 - Statistical Analysis of Abrasion Loss for Gradations A Compared to B 
Mix Significant Differences * 
64 Y 
64F Y 
76 Y 
76F N 
5% GTR N 
12% GTR N 
*Y = Significant differences and N = Non-significant differences between Gradation A 
and Gradation 
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Moisture Susceptibility 
 The moisture susceptibility for each of the 12 mix designs was based on the 
retained indirect tensile strength in accordance with the SCDOT standard, SC-T-70 
(SCDOT 2010).  The moisture susceptibility test is used to determine the resistance of the 
asphalt mixture to moisture induced damage. The tensile strength ratio (TSR) value for 
porous asphalt should be greater than 80% (Kandhal 2002). The SCDOT requires the 
TSR value to be greater than 85% for conventional asphalt mixtures as they do not 
currently require testing for porous asphalt mixtures used for OGFC (SCDOT 2010). 
Figure 4.13 compares the indirect tensile strength (ITS) of the dry and conditioned 
specimens.  
Tables 4.12 and 4.13 summarize the statistical analysis of the indirect tensile 
strengths of the mixes before and after conditioning. Before conditioning for gradation A, 
mixes 76 and 76F were statistically similar. Mixes 64, 64F, and 12% GTR were also 
statistically similar when comparing ITS before conditioning.  After conditioning, mixes 
64, 64F, 76, and 5% GTR were statistically similar for gradation A. Also for gradation A, 
after conditioning, mixes 76, 76F, and 5% GTR were also statistically similar.  
 When comparing gradation B, before conditioning, mixes 64, 5% GTR, and 12% 
GTR were statistically similar.  Mixes 76 and 76F were also statistically similar when 
comparing the ITS before conditioning. After conditioning, mixes 64F, 76, and 12% GTR 
were statistically similar for gradation B. Also, for gradation B, after conditioning, mixes 
76, 5% GTR, and 12% GTR were statistically similar.  
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 Before conditioning, mixes 76 and 76F have the highest ITS and mixes 5% and 
12% GTR have the lowest ITS. The addition of the cellulose fibers does not affect the 
ITS of the specimens before conditioning (Table 4.12). The addition of GTR does cause a 
decrease in the ITS before conditioning.  After the specimens were conditioned, the 
addition of fibers and GTR did not have a significant effect on the ITS (Table 4.13) 
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(a) 
 
(b) 
Figure 4.13 – Average Indirect Tensile Strength of Dry and Conditioned Samples 
for (a) Gradation A and (b) Gradation B 
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Table 4.12 – Statistical Analysis of Moisture Susceptibility ITS Before Conditioning 
Mix 
Comparison of 
Gradation A 
Comparison of 
Gradation B 
64 B C 
64F B B 
76 A A 
76F A A 
5% GTR C C 
12% GTR BC BC 
 
Table 4.13 – Statistical Analysis of Moisture Susceptibility ITS Conditioned 
Mix 
Comparison of 
Gradation A 
Comparison of 
Gradation B 
64 C D 
64F C AB 
76 ABC BC 
76F AB A 
5% GTR BC CD 
12% GTR A BC 
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Figure 4.14 compares the TSR values of the different mix designs. The results of 
this study show that the TSR of conditioned to unconditioned specimens was higher than 
the minimum recommended for both the SCDOT and Kandhal. Mix 76, gradation B, has 
the lowest TSR value of 91.8%.  Eight mixes out of twelve had a TSR value above 100%: 
64F, 76F, 5% GTR, 12% GTR (both gradation A and B).  The highest TSR value, 213%, 
was that of the 12% GTR mix made with gradation A.  These results indicate that the 
twelve mixes are resistant to moisture damage. The addition of the cellulose fibers 
increases the TSR when compared to the base mix. The addition of the GTR increases the 
TSR when compared all of the mix designs. The addition of the cellulose fibers and GTR 
reduce the mix designs moisture susceptibility.   The moisture susceptibility data may be 
seen in Appendix G.      
 
Figure 4.14 –Tensile Strength Ratio Results 
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Rutting Resistance  
 
Rutting resistance is an important issue in porous asphalt because of the high air 
void content of the mixture. The higher air void content in porous asphalt allows 
aggregate particles to shift their location when subjected to vehicle loading causing the 
porous asphalt to rut. Figure 4.15 illustrates the final average rut depths for all aggregate 
gradations. Figure 4.16 illustrates the comparison of rut depth models developed from 
average rut depth values at different numbers of cycles. 
When comparing the final rut depth for gradation A, mix 64 had the lowest rut 
resistance with a final rut depth 8.6mm (Figure 4.15). Mix 76F had the highest rut 
resistance with a final rut depth of 4.8mm.  
When comparing the final rut depth for gradation B, mix 64 had the lowest rut 
resistance with a final rut depth of 13.2mm (Figure 4.15). Mix 76F had the highest rut 
resistance with a final rut depth of 4.5mm. 
Gradation A had lower rut depths than gradation B for all the mix designs except 
for mix 76F which had similar rut depths between its gradations. Coarse-graded mixtures 
seem to provide slightly higher rutting resistance.   
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The addition of the cellulose fibers increased the rut resistance of mixes 64F and 
76F when compared to their base mixes, 64 and 76 respectively.  The addition of 5% and 
12% increased the rut resistance when compared to mix 64 but decreased the rut 
resistance when comparing it to mixes 64F, 76 and 76F. The rut resistance data and the 
plots of the rut depth versus the number of APA cycles may be seen in Appendix H. 
 
Figure 4.15 – Comparison of Final Average Rut Depth Values 
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(b) 
Figure 4.16 - Comparsion of Rutting Curves for (a) Gradation A Mixes and (b) 
Gradation B Mixes 
 
The primary (0 – 500 cycles) and the secondary (2000 – 8000 cycles) dynamic 
stability values were calculated for all 12 mix designs as defined by (Putman and 
Amirkhanian 2004). The dynamic stability is the number of load cycles per 1mm of rut 
depth. The dynamic stability is important because it represents the rate at which ruts 
develop in a mix design. The lower the dynamic stability, the higher the rutting 
susceptibility of a particular mix design. 
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 Figures 4.17 and 4.18 compare the primary and secondary dynamic stabilities, 
respectively. For the primary dynamic stability (0 – 500 cycles), the results show that mix 
12% GTR, gradation A, has the lowest value indicating that it only takes 115 cycles to 
have a rut depth of 1 mm. For the secondary dynamic stability (2000 – 8000 cycles), 64F 
had the lowest rate of rutting for gradation A. 
 For the primary dynamic stability (0 – 500 cycles), the results show that mix 64 
and 5% GTR, gradation B, have the lowest value indicating that it only takes 97 cycles to 
have a rut depth of 1 mm. For the secondary dynamic stability (2000 – 8000 cycles), 64F 
had the lowest rate of rutting for gradation B, indicating that rutting had stabilized by this 
point more than the other mix designs.   
The addition of the cellulose fibers increases the primary dynamic stability, which 
increases the initial rut resistance. The addition of the 5% GTR increases the primary 
dynamic stability and the 12% GTR decreases the primary dynamic stability. The 
addition of the cellulose fibers increases the secondary dynamic stability, which increases 
the rut resistance of the mix. The addition of the 5% and 12% GTR increases the 
secondary dynamic stability when compared to mix 64, but the mixes with the cellulose 
fibers have a higher secondary dynamic stability.  
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Figure 4.17 – Comparison of Primary Dynamic Stability (0-500 Cycles) 
 
 
 
Figure 4.18 – Comparison of Secondary Dynamic Stability (2000-8000 Cycles) 
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Table 4.14 summarizes the rut depth, primary and secondary dynamic stability 
statistical analysis for aggregate gradation A. When comparing the final rut depth, mixes 
64, 64F, 76, 5% GTR, and 12% GTR were all statistically similar. Mixes 64F, 76, 76F, 
5% GTR and 12% GTR were also statistically similar. This indicates that the final rut 
depths were similar except for mixes 64 and 76F. When comparing the primary dynamic 
stability, mixes 64, 64F, 76, 5% GTR and 12% GTR were statistically similar to one 
another. The primary dynamic stability showed that mix 76F was significantly different 
than the rest of the mix designs. This indicates that all of the mix designs had similar 
primary dynamic stability values except mix 76F.  All of the mix designs were 
statistically similar when comparing the secondary dynamic stability of gradation A. 
Table 4.15 summarizes of the rut depth, primary and secondary dynamic stability 
statistical analysis for aggregate gradation B. When comparing the final rut depth, mixes 
64F, 76, and 12% GTR were all statistically similar. Mixes 64F and 76F were also 
statistically similar and had the lowest rut depths.  When comparing the primary dynamic 
stability, mixes 64, 64F, 5% GTR and 12% GTR were statistically similar to one another 
and had the lowest primary dynamic stability values. When comparing the secondary 
dynamic stability, mixes 64, 76, 5% GTR, and 12% GTR were statistically similar to one 
another.  For the secondary dynamic stability, 64F is significantly different than any other 
mix design.  
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Table 4.14– Statistical Analysis for Gradation A 
Mix Rut Depth 
Primary Dynamic 
Stability 
Secondary 
Dynamic Stability 
64 A B A 
64F AB B A 
76 AB B A 
76F B A A 
5% GTR AB B A 
12% GTR AB B A 
 
Table 4.15 – Statistical Analysis for Gradation B 
Mix Rut Depth 
Primary Dynamic 
Stability 
Secondary 
Dynamic Stability 
64 A C C 
64F BC BC A 
76 B B C 
76F C A B 
5% GTR A C C 
12% GTR B C BC 
 
Table 4.16 is a summary of the significant differences between aggregate 
gradation A and B for each mix design for the rut depth, primary and secondary dynamic 
stability. Mixes 64 and 5% GTR had significant differences between gradations for the 
final rut depth of the mix designs. When looking at the primary dynamic stability, mixes 
64, 76F, and 5% GTR had significant differences between gradations. There was not a 
significant difference between the aggregate gradations for the secondary dynamic 
stability of each mix.  
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Table 4.16 – Statistical Analysis Comparing Gradation A to Gradation B 
Mix 
Significant Differences * 
Rut Depth 
Primary Dynamic 
Stability 
Secondary 
Dynamic Stability 
64 Y Y N 
64F N N N 
76 N N N 
76F N Y N 
5% GTR Y Y N 
12% GTR N N N 
*Y = Significant differences and N = Non-significant differences between Gradation A 
and Gradation B 
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CHAPTER FIVE 
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
Summary 
 A porous pavement is a type of sustainable pavement that allows stormwater to 
infiltrate through the pavement into the natural soil bed.  Porous pavements allow the 
water to rapidly filtrate from the pavement surface. The major advantages of using porous 
asphalt are improvements in safety, economy, and the environment. The goal of this 
research was to evaluate the effects of rubber modified binder on porous asphalt 
mixtures. This study focused on the effects of rubber modified binder on the optimum 
binder content and performance properties of porous asphalt. This evaluation was based 
on the comparison of porous asphalt mixtures made with virgin, SBS modified, and 
different GTR modified binders using five main criteria: draindown, permeability, 
rutting, indirect tensile strength, and abrasion resistance. 
Conclusions 
Based on the results of this study on the effects of rubber modified binder in 
porous asphalt mixtures, the following conclusions were made: 
 The addition of 5% and 12% GTR result in an increase in viscosity at 135⁰C and 
165⁰C when compared to the base binder PG 64-22. 12% GTR showed a higher 
increase in viscosity than the 5%.  
 While the addition of 5% GTR increased the high PG failure temperature, it did 
not increase the performance grade of the PG 64-22 binder to PG 70-22.  The 
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addition of 12% GTR increased the performance grade by two grades to a PG 76-
22.  
 The addition of GTR to the binders was effective in minimizing the effect of 
binder draindown and was comparable to the addition of 0.3% cellulose fibers in 
the mix. 
 The addition of GTR resulted in decreased porosity compared to the mixtures 
without fibers or rubber, but the reduction was not as much as with the addition of 
0.3% cellulose fibers. 
 The addition of cellulose fibers decreased the permeability rates of the mixtures. 
The addition of GTR also reduced the permeability, but not as much as with the 
fibers as all of the rubber modified mixtures had permeability values that were 
greater than mixes made with SBS modified binder and fibers (mix 76F). 
 GTR was effective in minimizing the effects of long-term draindown as indicated 
by the similarities in the permeability of the mixtures after 28 days of long-term 
aging at 60
o
C compared to the other mixtures. The cellulose fibers also reduced 
the long-term draindown, but not as much as the GTR in this study. 
  The use of rubber modified binder and fibers reduced the abrasion loss: thus, 
generally increasing the durability of the mixes. 5% and 12% GTR reduced the 
abrasion loss when compared to mix 64F. However, mix 76F reduced the abrasion 
loss more than the 5% GTR and the 12% GTR was closer in comparison.  
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 The addition of the cellulose fibers and GTR reduced the moisture susceptibility 
of the mix designs. The results indicate that all twelve mixes were resistant to 
moisture damage as evidenced by TSR values greater than 90%. 
 The addition of the cellulose fibers increased the rut resistance of mixes, 64F and 
76F when compared to their base mixes, 64 and 76, respectively.  The addition of 
5% and 12% GTR increased the rut resistance when compared to mix 64 but 
decreased the rut resistance when comparing it to mixes 64F, 76 and 76F. 12% 
GTR had a similar rut depth to mix 76. 
Recommendations 
 Investigate the effects of rubber modified binder between the ranges of 5% and 
12% on porous asphalt to expand this study. 
 Further evaluate rubber modified binder performance properties in field 
performance trials.  
 Investigate the effect of rubber modified binder has on noise reduction. 
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Appendix A 
Draindown Data 
Table A.1 – Draindown Data for PG 64-22 
Mix Gradation Specimen 
Binder 
Content (%) 
Draindown (%) 
1 
Hour 
2 
Hours 
3 
Hours 
64 
A 
1 
4.5 
5.0 
5.5 
6.0 
6.5 
0.02 
0.02 
0.44 
0.78 
1.83 
0.04 
0.04 
0.79 
1.22 
2.23 
0.09 
0.05 
0.92 
1.35 
2.62 
2 
4.5 
5.0 
5.5 
6.0 
6.5 
0.05 
0.02 
0.44 
1.17 
1.85 
0.06 
0.07 
0.73 
1.63 
2.28 
0.06 
0.13 
0.89 
1.90 
2.39 
B 
1 
4.5 
5.0 
5.5 
6.0 
6.5 
0.02 
0.04 
0.05 
0.02 
0.01 
0.04 
0.04 
0.06 
0.03 
0.13 
0.06 
0.04 
0.06 
0.04 
0.30 
2 
4.5 
5.0 
5.5 
6.0 
6.5 
0.02 
0.02 
0.03 
0.05 
0.02 
0.03 
0.02 
0.05 
0.06 
0.14 
0.05 
0.03 
0.02 
0.09 
0.34 
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Table A.2 – Draindown Data for PG 64-22 with Fibers 
Mix Gradation Specimen 
Binder 
Content (%) 
Draindown (%) 
1 
Hour 
2 
Hours 
3 
Hours 
64F 
A 
1 
4.5 
5.0 
5.5 
6.0 
6.5 
0.00 
0.00 
0.02 
0.02 
0.01 
0.01 
0.01 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.03 
2 
4.5 
5.0 
5.5 
6.0 
6.5 
0.01 
0.01 
0.02 
0.02 
0.05 
0.02 
0.02 
0.02 
0.04 
0.05 
0.02 
0.02 
0.03 
0.04 
0.07 
B 
1 
4.5 
5.0 
5.5 
6.0 
6.5 
0.01 
0.02 
0.02 
0.01 
0.04 
0.02 
0.02 
0.02 
0.02 
0.05 
0.02 
0.02 
0.02 
0.02 
0.05 
2 
4.5 
5.0 
5.5 
6.0 
6.5 
0.00 
0.02 
0.01 
0.02 
0.04 
0.01 
0.02 
0.02 
0.02 
0.05 
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Table A.3 – Draindown Data for PG 76-22 
Mix Gradation Specimen 
Binder 
Content (%) 
Draindown (%) 
1 
Hour 
2 
Hours 
3 
Hours 
76 
A 
1 
5.5 
6.0 
6.5 
7.0 
7.5 
0.01 
0.01 
0.13 
0.30 
1.04 
0.02 
0.03 
0.50 
0.65 
1.48 
0.02 
0.11 
0.82 
0.89 
1.78 
2 
5.5 
6.0 
6.5 
7.0 
7.5 
0.00 
0.05 
0.04 
0.02 
0.95 
0.01 
0.06 
0.38 
0.60 
1.51 
0.01 
0.13 
0.58 
0.79 
1.80 
B 
1 
5.5 
6.0 
6.5 
7.0 
7.5 
0.02 
0.01 
0.02 
0.02 
0.04 
0.02 
0.02 
0.02 
0.02 
0.31 
0.03 
0.02 
0.04 
0.14 
0.55 
2 
5.5 
6.0 
6.5 
7.0 
7.5 
0.01 
0.01 
0.05 
0.06 
0.09 
0.01 
0.02 
0.06 
0.08 
0.40 
0.02 
0.02 
0.08 
0.22 
0.65 
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Table A.4 – Draindown Data for PG 76-22 with Fibers 
Mix Gradation Specimen 
Binder 
Content (%) 
Draindown (%) 
1 
Hour 
2 
Hours 
3 
Hours 
76F 
A 
1 
5.5 
6.0 
6.5 
7.0 
7.5 
0.01 
0.01 
0.02 
0.01 
0.01 
0.03 
0.01 
0.02 
0.01 
0.03 
0.03 
0.01 
0.04 
0.01 
0.04 
2 
5.5 
6.0 
6.5 
7.0 
7.5 
0.00 
0.00 
0.02 
0.02 
0.01 
0.00 
0.01 
0.02 
0.04 
0.02 
0.02 
0.01 
0.02 
0.04 
0.03 
B 
1 
5.5 
6.0 
6.5 
7.0 
7.5 
0.00 
0.00 
0.00 
0.00 
0.01 
0.00 
0.00 
0.00 
0.01 
0.02 
0.01 
0.02 
0.01 
0.02 
0.04 
2 
5.5 
6.0 
6.5 
7.0 
7.5 
0.00 
0.00 
0.00 
0.00 
0.01 
0.00 
0.00 
0.00 
0.00 
0.02 
0.00 
0.01 
0.00 
0.00 
0.02 
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Table A.5 – Draindown Data for 5% -30 Mesh GTR 
Mix Gradation Specimen 
Binder 
Content (%) 
Draindown (%) 
1 
Hour 
2 
Hours 
3 
Hours 
5% GTR 
A 
1 
5.0 
5.5 
6.0 
6.5 
7.0 
0.00 
0.00 
0.00 
0.01 
0.02 
0.00 
0.05 
0.00 
0.19 
0.33 
0.01 
0.13 
0.04 
0.37 
0.59 
2 
5.0 
5.5 
6.0 
6.5 
7.0 
0.00 
0.00 
0.02 
0.01 
0.02 
0.00 
0.01 
0.02 
0.26 
0.42 
0.00 
0.02 
0.02 
0.43 
0.75 
B 
1 
5.0 
5.5 
6.0 
6.5 
7.0 
0.02 
0.03 
0.02 
0.01 
0.03 
0.03 
0.04 
0.02 
0.02 
0.03 
0.03 
0.05 
0.02 
0.03 
0.05 
2 
5.0 
5.5 
6.0 
6.5 
7.0 
0.01 
0.02 
0.02 
0.02 
0.03 
0.01 
0.03 
0.02 
0.03 
0.04 
0.01 
0.04 
0.02 
0.04 
0.05 
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TableA.6 – Draindown Data for 12% -30 Mesh GTR 
Mix Gradation Specimen 
Binder 
Content (%) 
Draindown (%) 
1 
Hour 
2 
Hours 
3 
Hours 
12% GTR 
A 
1 
5.5 
6.0 
6.5 
7.0 
7.5 
0.00 
0.01 
0.00 
0.01 
0.02 
0.00 
0.01 
0.01 
0.01 
0.02 
0.01 
0.01 
0.02 
0.02 
0.03 
2 
5.5 
6.0 
6.5 
7.0 
7.5 
0.02 
0.00 
0.01 
0.01 
0.02 
0.03 
0.00 
0.02 
0.01 
0.02 
0.03 
0.00 
0.03 
0.02 
0.03 
B 
1 
5.5 
6.0 
6.5 
7.0 
7.5 
0.02 
0.03 
0.01 
0.02 
0.02 
0.02 
0.03 
0.02 
0.03 
0.02 
0.03 
0.03 
0.03 
0.03 
0.03 
2 
5.5 
6.0 
6.5 
7.0 
7.5 
0.02 
0.01 
0.02 
0.05 
0.03 
0.02 
0.02 
0.03 
0.06 
0.03 
0.02 
0.02 
0.03 
0.06 
0.05 
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Appendix B 
Visual Optimum Binder Contents 
 
Binder Content  4.5% 
 
Binder Content  5.0% 
 
Binder Content  5.5% 
Figure B.1- Optimum Binder Content of Gradation A for PG 64-22  
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Binder Content  5.0% 
 
Binder Content  5.5% 
 
Binder Content  6.0% 
Figure B.2 - Optimum Binder Content of Gradation B for PG 64-22  
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Binder Content  5.5% 
 
Binder Content  6.0% 
 
Binder Content  6.5% 
Figure B.3 - Optimum Binder Content of Gradation A for PG 64-22 with Fibers 
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Binder Content  5.5% 
 
Binder Content  6.0% 
 
Binder Content  6.5% 
Figure B.4 - Optimum Binder Content of Gradation B for PG 64-22 with Fibers 
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Binder Content  5.5% 
 
Binder Content  6.0% 
 
Binder Content  6.5% 
Figure B.5 - Optimum Binder Content of Gradation A for PG 76-22 
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Binder Content  6.0% 
 
Binder Content  6.5% 
 
Binder Content  7.0% 
Figure B.6 - Optimum Binder Content of Gradation B for PG 76-22 
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Binder Content  6.0% 
 
Binder Content  6.5% 
 
Binder Content  7.0% 
Figure B.7 - Optimum Binder Content of Gradation A for PG 76-22 with Fibers 
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Binder Content  6.5% 
 
Binder Content  7.0% 
 
Binder Content 7.5% 
Figure B.8 - Optimum Binder Content of Gradation B for PG 76-22 with Fibers 
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Binder Content  5.5%  
 
Binder Content  6.0% 
 
Binder Content  6.5% 
Figure B.9 - Optimum Binder Content of Gradation A for PG 64-22 with 5% 
Rubber 
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Binder Content  5.5% 
 
Binder Content  6.0% 
 
Binder Content  6.5% 
Figure B.10 Optimum Binder Content of Gradation B for PG 64-22 with 5% 
Rubber 
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Binder Content  6.5% 
 
Binder Content  7.0% 
 
Binder Content  7.5% 
Figure B.11 - Optimum Binder Content of Gradation A for PG 64-22 with 12% 
Rubber 
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Binder Content  6.5% 
 
Binder Content  7.0% 
 
Binder Content  7.5% 
Figure B.12 - Optimum Binder Content of Gradation B for PG 64-22 with 12% 
Rubber 
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Appendix C 
Porosity Data  
Table C.1 – Porosity Data for PG 64-22 
Mix Gradation Specimen Porosity (%) 
Average 
Porosity 
(%)  
 
Standard 
Deviation 
 
64 
A 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
16.9 
18.6 
17.7 
14.4 
16.8 
16.9 
17.2 
16.7 
16.6 
15.5 
17.0 
16.6 
16.8 0.99 
B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
15.5 
18.0 
13.8 
15.6 
14.1 
12.9 
14.0 
15.6 
14.2 
16.1 
14.9 
13.9 
14.9 1.31 
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Table C.2 – Porosity Data for PG 64-22 with Fibers 
Mix Gradation Specimen Porosity (%) 
Average 
Porosity 
(%) 
 
Standard 
Deviation 
 
64F 
A 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
12.8 
12.3 
15.2 
13.7 
13.5 
12.0 
11.9 
13.2 
13.7 
12.1 
13.8 
13.2 
13.1 0.92 
B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
10.2 
10.1 
7.9 
10.4 
11.0 
10.3 
11.4 
11.1 
10.4 
9.6 
11.0 
9.9 
10.3 0.89 
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Table C.3 – Porosity Data for PG 76-22 
Mix Gradation Specimen Porosity (%) 
Average 
Porosity 
(%) 
 
Standard 
Deviation 
 
76 
A 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
15.5 
16.6 
17.9 
16.4 
18.4 
15.6 
16.6 
18.5 
14.1 
17.9 
12.6 
14.2 
16.2 1.78 
B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
11.7 
14.7 
13.4 
12.1 
12.8 
13.3 
12.7 
11.5 
12.7 
13.5 
14.6 
14.1 
13.1 1.00 
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Table C.4 – Porosity Data for PG 76-22 with Fibers 
Mix Gradation Specimen Porosity (%) 
Average 
Porosity 
(%) 
 
Standard 
Deviation 
 
76F 
A 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
12.2 
10.7 
10.9 
11.4  
12.6 
12.8 
12.7 
10.7 
11.8 
10.6 
11.9 
11.1 
11.6 0.80 
B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
10.9 
9.9 
10.3 
10.5 
10.6 
10.4 
10.4 
12.1 
11.3 
10.7 
10.7 
11.0 
10.7 0.52 
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Table C.5 – Porosity Data for 5% -30 Mesh GTR 
Mix Gradation Specimen Porosity (%) 
Average 
Porosity 
(%) 
 
Standard 
Deviation 
 
5% GTR 
 
A 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
18.5 
16.5 
14.6 
17.2 
18.2 
17.7 
17.9 
17.6 
17.4 
14.1 
15.5 
15.9 
16.7 1.37 
B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
11.7 
11.7 
12.8 
11.7 
12.8 
10.4 
10.7 
12.2 
13.3 
10.1 
9.7 
12.1 
11.6 1.11 
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Table C.6 – Porosity Data for 12% -30 Mesh GTR 
Mix Gradation Specimen Porosity (%) 
Average 
Porosity 
(%) 
 
Standard 
Deviation 
 
12% GTR 
 
A 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
12.8 
14.4 
13.1 
14.7 
15.3 
14.8 
15.9 
15.7 
12.2 
16.2 
13.2 
14.2 
14.4 1.27 
B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
7.9 
7.7 
8.8 
7.4 
5.5 
7.9 
7.5 
5.7 
6.3 
6.5 
9.0 
6.5 
7.2 1.10 
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Appendix D 
Permeability Data  
Table D.1 – Permeability Data for PG 64-22 
Mix Gradation Specimen 
Permeability 
(in/hr) 
Average 
Permeability 
(in/hr)  
 
Standard 
Deviation 
 
64 
A 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
4534.7 
4170.9 
3276.5 
3496.7 
6285.2 
5350.1 
5417.6 
3281.1 
5592.5 
4163.9 
4970.1 
3700.5 
4519.9 1000.55 
B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
3458.0 
2166.9 
2846.0 
2796.8 
3250.7 
3765.5 
3182.1 
3083.4 
2855.5 
3278.6 
2690.3 
2210.1 
2965.3 473.07 
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Table D.2 – Permeability Data for PG 64-22 with Fibers 
Mix Gradation Specimen 
Permeability 
(in/hr.) 
Average 
Permeability 
(in/hr.)  
 
Standard 
Deviation 
 
64F 
A 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
3763.6 
3154.4 
3489.9 
3335.2 
4068.1 
3765.0 
4086.9 
5672.6 
5021.4 
5124.2 
4075.1 
5027.8 
4215.4 806.27 
B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1515.5 
1633.0 
1388.7 
1467.5 
1236.2 
790.4 
1741.6 
1179.8 
1908.3 
2412.3 
1860.2 
1057.5 
1515.9 435.58 
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Table D.3 – Permeability Data for PG 76-22 
Mix Gradation Specimen 
Permeability 
(in/hr.) 
Average 
Permeability 
(in/hr.)  
 
Standard 
Deviation 
 
76 
A 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
6344.9 
4649.9 
5943.4 
5074.7 
5477.3 
5239.4 
4443.2 
4225.6 
5018.2 
2765.2 
4400.4 
5228.8 
4900.9 920.02 
B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
3381.7 
2683.6 
2178.1 
2295.5 
2593.1 
2850.5 
2626.9 
1900.7 
2947.4 
2632.1 
2169.1 
2508.0 
2563.9 397.89 
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Table D.4 – Permeability Data for PG 76-22 with Fibers 
Mix Gradation Specimen 
Permeability 
(in/hr.) 
Average 
Permeability  
(in/hr.)  
 
Standard 
Deviation 
 
76F 
A 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
2456.0 
2605.7 
2522.9 
2879.1 
2389.2 
2583.6 
2426.2 
2920.9 
2388.4 
2351.4 
2083.4 
1593.9 
2433.4 348.39 
B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1068.2 
992.1 
994.5 
1027.9 
1073.8 
1075.5 
1240.9 
1179.6 
1022.2 
1063.3 
1123.2 
1112.4 
1081.1 74.06 
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Table D.5 – Permeability Data for 5% GTR 
Mix Gradation Specimen 
Permeability 
(in/hr.) 
Average 
Permeability 
(in/hr.)  
 
Standard 
Deviation 
 
5% GTR 
 
A 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
2999.9 
4189.7 
3018.2 
3346.7 
3616.1 
3882.5 
4470.8 
2931.9 
4339.9 
2599.8 
2608.1 
3809.5 
3484.5 661.18 
B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
2887.0 
2715.9 
1982.7 
2359.0 
2212.6 
1711.9 
2398.5 
2548.3 
2077.8 
1680.3 
2759.4 
1925.9 
2271.6 406.90 
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Table D.6 – Permeability Data for 12% GTR 
Mix Gradation Specimen 
Permeability 
(in/hr.) 
Average 
Permeability  
(in/hr.) 
 
Standard 
Deviation 
 
12% GTR  
 
A 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
2178.6 
2557.7 
2417.2 
2793.8 
2582.9 
2465.0 
2405.0 
2526.0 
3001.3 
2747.9 
1977.9 
2210.0 
2488.6 283.72 
B 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1278.2 
1178.9 
1112.1 
1514.7 
570.0 
1685.9 
1811.1 
1817.5 
1908.6 
1665.9 
1100.3 
1242.4 
1407.1 395.10 
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Appendix E 
Aged Porosity and Permeability Data  
Table E.1 – Aged Porosity and Permeability for PG 64-22  
Aged Data 
Binder 
Type 
Specimen  
Time (Days) 
0 7 14 28 
64 
Gradation 
A 
4 
6 
Permeability 
(in./hr) 
3496.7 
5350.1 
3047.3 
2663.6 
4804.0 
4439.4 
2243.6 
1620.5 
4 
6 
Porosity (%) 
14.4 
17.0 
21.6 
17.9 
22.6 
15.7 
22.8 
17.9 
Average Permeability 
(in./hr) 
4519.9 4519.9 4621.6 1932.0 
Average Porosity (%) 16.8 16.8 19.1 20.3 
St. Dev. Permeability 
(in./hr) 
1000.56 1000.56 257.81 440.64 
St. Dev. Porosity (%) 0.99 0.99 4.88 3.47 
64  
 
Gradation 
B 
2 
6 
Permeability 
(in./hr) 
2166.0 
3765.5 
2383.6 
4640.9 
3141.1 
5027.6 
1793.0 
2111.6 
2 
6 
Porosity (%) 
18.0 
13.0 
24.4 
18.6 
23.8 
18.3 
21.1 
18.4 
Average Permeability 
(in./hr) 
2965.3 3512.2 4084.3 1952.2 
Average Porosity (%) 14.9 21.4 21.0 19.7 
St. Dev. Permeability 
(in./hr) 
473.07 1596.14 1333.93 225.31 
St. Dev. Porosity (%) 1.31 4.12 3.84 1.97 
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Table E.2 – Aged Porosity and Permeability for PG 76-22 
Aged Data 
Binder 
Type 
Specimen  
Time (Days) 
0 7 14 28 
76 
Gradation 
A 
8 
11 
Permeability 
(in./hr) 
4225.6 
4400.4 
5415.1 
5920.4 
5154.1 
5608.8 
2871.1 
2186.0 
8 
11 
Porosity (%) 
18.5 
12.6 
21.3 
16.2 
21.2 
15.4 
19.8 
15.3 
Average Permeability 
(in./hr) 
4900.9 5667.7 5381.4 2528.5 
Average Porosity (%) 16.1 18.8 18.2 17.5 
St. Dev. Permeability 
(in./hr) 
920.02 357.35 321.55 484.42 
St. Dev. Porosity (%) 1.78 3.46 4.11 3.19 
76 
 
Gradation 
B 
8 
11 
Permeability 
(in./hr) 
1900.7 
2169.1 
2650.2 
2629.4 
2752.8 
2951.3 
1529.3 
1694.7 
8 
11 
Porosity (%) 
11.5 
14.5 
17.5 
20.2 
17.3 
20.0 
17.6 
20.5 
Average Permeability 
(in./hr) 
2563.9 2639.7 2854.0 1612.0 
Average Porosity (%) 13.0 18.8 18.6 19.0 
St. Dev. Permeability 
(in./hr) 
397.89 14.75 140.37 116.93 
St. Dev. Porosity (%) 1.00 1.94 1.96 2.04 
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Table E.3 – Aged Porosity and Permeability for PG 64-22 with Fibers 
Aged Data 
Binder 
Type 
Specimen  
Time (Days) 
0 7 14 28 
64F 
 
Gradation 
A 
4 
6 
Permeability 
(in./hr) 
3335.2 
3765.0 
3928.6 
3258.8 
3513.4 
3116.4 
3201.1 
2884.5 
4 
6 
Porosity (%) 
13.7 
12.0 
13.9 
12.4 
14.3 
12.8 
18.7 
17.6 
Average Permeability 
(in./hr) 
4215.3 3593.7 3314.7 3042.7 
Average Porosity (%) 13.1 13.1 13.5 18.1 
St. Dev. Permeability 
(in./hr) 
806.3 473.6 280.9 223.9 
St. Dev. Porosity (%) 0.92 0.99 1.00 0.76 
64F 
 
Gradation 
B 
10 
11 
Permeability 
(in./hr) 
2412.3 
1860.2 
1906.4 
2297.3 
1710.5 
2119.7 
1409.6 
2022.0 
10 
11 
Porosity (%) 
9.6 
11.0 
8.2 
9.7 
8.2 
9.8 
16.0 
17.7 
Average Permeability 
(in./hr) 
1515.9 2101.8 1915.0 1715.8 
Average Porosity (%) 10.2 8.9 9.0 16.8 
St. Dev. Permeability 
(in./hr) 
435.58 276.40 289.38 433.05 
St. Dev. Porosity (%) 0.89 1.06 1.15 1.21 
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Table E.4 – Aged Porosity and Permeability for PG 76-22 with Fibers 
Aged Data 
Binder 
Type 
Specimen  
Time (Days) 
0 7 14 28 
76F 
 
Gradation 
A 
2 
6 
Permeability 
(in./hr) 
2605.7 
2583.6 
2572.9 
2744.8 
1676.6 
1871.4 
1455.8 
1583.5 
2 
6 
Porosity (%) 
10.7 
12.8 
15.5 
16.0 
16.3 
15.6 
15.8 
16.5 
Average Permeability 
(in./hr) 
2433.4 2658.8 1774.0 1519.6 
Average Porosity (%) 11.6 15.8 15.9 16.1 
St. Dev. Permeability 
(in./hr) 
348.39 121.52 137.76 90.28 
St. Dev. Porosity (%) 0.80 0.44 0.54 0.49 
76F 
 
Gradation 
B 
3 
8 
Permeability 
(in./hr) 
994.4 
1179.6 
2692.8 
2572.9 
1868.7 
2091.3 
1548.4 
1761.5 
3 
8 
Porosity (%) 
10.4 
12.1 
14.7 
16.6 
14.4 
15.1 
15.1 
16.8 
Average Permeability 
(in./hr) 
1081.1 2632.8 1980.0 1654.9 
Average Porosity (%) 10.7 15.6 15.1 15.9 
St. Dev. Permeability 
(in./hr) 
74.06 84.80 157.36 150.72 
St. Dev. Porosity (%) 0.52 1.29 0.97 1.19 
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Table E.5 – Aged Porosity and Permeability for 5% GTR 
Aged Data 
Binder 
Type 
Specimen  
Time (Days) 
0 7 14 28 
5% GTR 
 
Gradation 
A 
6 
12 
Permeability 
(in./hr) 
3882.4 
3809.5 
4364.3 
3915.0 
3952.5 
3608.6 
3643.2 
3346.7 
6 
12 
Porosity (%) 
17.7 
15.9 
18.8 
17.5 
16.4 
14.8 
21.3 
19.6 
Average Permeability 
(in./hr) 
3484.5 4139.6 3780.5 3494.9 
Average Porosity (%) 16.7 18.1 15.6 20.4 
St. Dev. Permeability 
(in./hr) 
661.18 317.68 243.20 209.67 
St. Dev. Porosity (%) 1.37 0.97 1.10 1.22 
5% GTR  
 
Gradation 
B 
9 
11 
Permeability 
(in./hr) 
2077.8 
2759.4 
2224.7 
3040.5 
2050.2 
2487.7 
2189.8 
2255.3 
9 
11 
Porosity (%) 
13.3 
9.7 
17.7 
18.2 
20.7 
18.1 
21.2 
21.4 
Average Permeability 
(in./hr) 
2271.6 2632.6 2268.9 2222.5 
Average Porosity (%) 11.5 17.9 19.3 21.2 
St. Dev. Permeability 
(in./hr) 
406.90 576.86 309.33 46.35 
St. Dev. Porosity (%) 1.11 0.34 1.84 0.11 
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Table E.6 – Aged Porosity and Permeability for 12% GTR 
Aged Data 
Binder 
Type 
Specimen  
Time (Days) 
0 7 14 28 
12% GTR 
 
Gradation 
A 
8 
11 
Permeability 
(in./hr) 
2526.0 
1977.9 
3092.2 
2177.9 
2877.9 
2877.5 
2690.6 
1976.1 
8 
11 
Porosity (%) 
15.7 
13.2 
17.0 
13.9 
16.4 
13.30 
18.9 
15.6 
Average Permeability 
(in./hr) 
2488.6 2635.0 2477.4 2333.3 
Average Porosity (%) 14.3 15.4 14.8 17.2 
St. Dev. Permeability 
(in./hr) 
283.72 646.44 565.67 505.21 
St. Dev. Porosity (%) 1.27 2.22 2.18 2.34 
12% GTR  
 
Gradation 
B 
5 
11 
Permeability 
(in./hr) 
570.0 
1100.3 
1351.7 
2479.3 
1263.2 
2175.5 
1045.4 
2045.1 
5 
11 
Porosity (%) 
5.5 
9.0 
4.3 
6.6 
5.2 
10.5 
8.6 
13.5 
Average Permeability 
(in./hr) 
1407.1 1915.4 1719.3 1545.2 
Average Porosity (%) 7.2 5.4 7.8 11.0 
St. Dev. Permeability 
(in./hr) 
395.10 797.36 645.10 706.94 
St. Dev. Porosity (%) 1.10 1.61 3.75 3.43 
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Appendix F 
Cantabro Abrasion Data  
Table F.1 – Cantrabro Abrasion Data for PG 64-22(With/Without Fiber) 
Mix Gradation Specimen 
Raveling 
(%) 
 
 
Average 
Raveling 
(%) 
 
 
 
 
Standard 
Deviation 
 
 
64 
 
A 
6 
8 
9 
32.2 
39.4 
25.8 
32.4 6.80 
 
B 
4 
9 
12 
14.5 
12.4 
15.6 
14.1 1.59 
64F 
 
A 
2 
5 
9 
41.6 
29.0 
24.9 
31.8 8.68 
 
B 
8 
9 
12 
24.1 
22.0 
17.6 
21.2 3.34 
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Table F.2 – Cantrabro Abrasion Data for PG 76-22(With/Without Fiber) 
Mix Gradation Specimen 
Raveling 
(%) 
 
 
Average 
Raveling 
(%) 
 
 
 
 
Standard 
Deviation 
 
 
 
 
 
76 
 
A 
2 
4 
7 
35.1 
33.8 
29.4 
32.8 2.96 
 
B 
1 
2 
3 
16.2 
15.6 
18.9 
16.9 1.80 
76F 
 
A 
4 
5 
8 
8.2 
15.6 
10.4 
11.4 3.78 
 
B 
5 
10 
12 
5.5 
5.5 
8.4 
6.5 1.70 
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Table F.3 – Cantrabro Abrasion Data for 5% and 12% GTR 
Mix Gradation Specimen 
Raveling 
(%) 
 
 
Average 
Raveling 
(%) 
 
 
 
 
Standard 
Deviation 
 
 
 
5% GTR 
 
 
A 
7 
9 
11 
20.8 
14.9 
15.4 
17.0 3.26 
 
B 
1 
6 
12 
31.6 
15.9 
14.0 
15.0 9.64 
 
12% GTR 
 
 
A 
3 
5 
6 
10.7 
9.8 
8.5 
9.6 1.14 
 
B 
1 
4 
12 
11.6 
6.7 
8.4 
8.9 2.50 
 
 
 
 
 
 
 
 
 
 
 
 
122 
 
Appendix G 
Moisture Susceptibility Data 
Table G.1 – Wet Indirect Tensile Strength Data for PG 64-22 (With/Without Fibers) 
Mix Gradation Specimen 
ITS Wet 
(psi) 
 
Average 
ITS Wet 
(psi) 
 
 
 
Standard 
Deviation 
 
 
64 
 
A 
3 
10 
40.6 
40.3 
40.4 0.26 
 
B 
7 
10 
44.2 
36.0 
40.1 5.77 
64F 
 
A 3 
10 
45.2 
26.3 
47.5 3.33 
 
B 3 
7 
68.8 
65.8 
67.3 2.14 
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Table G.2 – Wet Indirect Tensile Strength Data for PG 76-22 (With/Without Fibers) 
Mix Gradation Specimen 
ITS Wet 
(psi) 
 
Average 
ITS Wet 
(psi) 
 
 
 
Standard 
Deviation 
 
 
 
 
 
76 
 
A 5 
9 
60.7 
58.7 
59.7 1.39 
 
B 7 
10 
67.3 
58.7 
63.0 6.09 
 
 
 
76F 
 
A 1 
10 
56.4 
84.7 
70.6 19.97 
 
B 
4 
9 
79.2 
84.8 
82.0 3.96 
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Table G.3 – Wet Indirect Tensile Strength Data for 5% and 12% GTR 
Mix Gradation Specimen 
ITS Wet 
(psi) 
 
Average 
ITS Wet 
(psi) 
 
 
 
Standard 
Deviation 
 
 
 
5% GTR 
 
 
A 2 
10 
45.8 
52.8 
49.3 5.00 
 
B 
3 
7 
43.5 
86.3 
51.3 11.09 
 
12% GTR 
 
 
A 
7 
10 
80.5 
67.9 
74.3 8.89 
 
B 6 
8 
52.9 
63.8 
61.9 2.69 
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Table G.4 – Conditioned Indirect Tensile Strength Data for PG 64-22 
(With/Without Fibers) 
Mix Gradation Specimen 
ITS Dry 
(psi) 
 
Average 
ITS Dry 
(psi) 
 
 
 
Standard 
Deviation 
 
 
64 
 
A 
5 
7 
39.3 
40.4 
40.8 2.20 
 
B 
3 
8 
40.1 
41.4 
40.8 0.97 
64F 
 
A 
7 
8 
43.8 
42.4 
43.1 0.95 
 
B 
2 
5 
55.5 
55.4 
55.4 0.01 
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Table G.5 – Conditioned Indirect Tensile Strength Data for PG 76-22 
(With/Without Fibers) 
Mix Gradation Specimen 
ITS Dry 
(psi) 
 
Average 
ITS Dry 
(psi) 
 
 
 
Standard 
Deviation 
 
 
 
 
 
76 
 
A 
3 
12 
60.3 
60.4 
60.4 0.06 
 
B 
6 
9 
70.8 
66.5 
68.7 3.04 
76F 
 
A 
3 
7 
69.4 
64.7 
67.1 3.27 
 
B 
2 
6 
78.2 
73.8 
75.9 3.12 
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Table G.6 – Conditioned Indirect Tensile Strength Data for 5% and 12% GTR 
Mix Gradation Specimen 
ITS Dry 
(psi) 
 
Average 
ITS Dry 
(psi) 
 
 
 
Standard 
Deviation 
 
 
 
5% GTR 
 
 
A 
1 
5 
25.3 
36.9 
31.1 8.25 
 
B 
5 
10 
44.9 
41.7 
43.3 2.25 
12% GTR 
 
A 
1 
9 
33.6 
36.1 
34.9 1.82 
 
B 3 
10 
43.4 
53.5 
48.5 7.09 
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Appendix H 
Rutting Resistance Data 
 Table H.1 – Rutting Depth Data for PG 64-22 Gradation A 
 
Specimen 
Rut Depth (mm) 
Mean Rut 
Depth(mm) 
St. Dev. 
Cycles 1 11 12 
0 0 0 0 0 0.00 
500 1.9 3.7 4.3 3.3 1.28 
1000 2.8 4.6 7.2 4.8 2.20 
1500 3.3 5.1 7.8 5.4 2.29 
2000 3.7 5.9 8.3 6.0 2.29 
3000 4.2 7.4 8.9 6.8 2.41 
5000 5.2 7.9 9.9 7.7 2.34 
8000 5.5 9.4 11.0 8.6 2.84 
Initial Slope 282.5 137.5 118.8 179.6 89.59 
Secondary 
Slope 
2969.0 1773.2 2256.9 2333.0 601.50 
 
 
 
 
 
y = 1.8821ln(x) - 8.3033 
R² = 0.9981 
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Table H.2 – Rutting Depth Data for PG 64-22 Gradation B 
 
Specimen 
Rut Depth (mm) 
Mean Rut 
Depth(mm) 
St. Dev. 
Cycles 1 5 11 
0 0 0 0 0 0.00 
500 5.2 5.8 4.5 5.2 0.67 
1000 6.9 9.8 7.6 8.1 1.52 
1500 9.2 10.7 9.6 9.8 0.79 
2000 9.6 10.7 11.2 10.5 0.86 
3000 10.8 12.1 12.4 11.8 0.83 
5000 11.5 12.6 13.0 12.4 0.79 
8000 12.1 13.4 14.1 13.2 0.99 
Initial Slope 97.3 87.1 113.6 99.3 13.38 
Secondary 
Slope 
2214.7 2157.0 2138.4 2170.0 39.79 
 
 
 
 
 
 
 
y = 2.8376ln(x) - 11.567 
R² = 0.9482 
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Table H.3 – Rutting Depth Data for PG 64-22 with Fibers Gradation A 
 
Specimen 
Rut Depth (mm) 
Mean Rut 
Depth(mm) 
St. Dev. 
Cycles 1 11 12 
0 0 0 0 0 0.00 
500 3.3 2.2 2.6 2.7 0.57 
1000 4.2 3.1 3.3 3.5 0.56 
1500 4.0 3.5 3.7 3.7 0.26 
2000 4.8 3.7 4.0 4.2 0.54 
3000 5.2 4.0 4.4 4.5 0.60 
5000 5.7 4.6 4.6 4.9 0.64 
8000 6.4 5.2 5.3 5.6 0.67 
Initial Slope 150.6 227.8 191.2 189.9 38.61 
Secondary 
Slope 
3720.1 4025.2 4833.3 4192.9 575.25 
 
 
 
 
 
 
 
y = 1.0139ln(x) - 3.5817 
R² = 0.9923 
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Table H.4 – Rutting Depth Data for PG 64-22 with Fibers Gradation B 
 
Specimen 
Rut Depth (mm) 
Mean Rut 
Depth(mm) 
St. Dev. 
Cycles 1 4 6 
0 0 0 0 0 0.00 
500 2.3 3.9 3.1 3.3 0.60 
1000 3.9 4.7 3.9 4.2 0.43 
1500 4.3 5.4 4.3 4.7 0.64 
2000 4.6 6.0 4.5 5.1 0.85 
3000 5.0 6.5 4.7 5.4 0.99 
5000 5.2 6.2 5.2 5.5 0.56 
8000 5.4 6.7 6.0 6.0 0.64 
Initial Slope 181.8 127.6 161.6 157.0 27.42 
Secondary 
Slope 
7709.0 5685.2 3843.7 5745.9 1933.40 
 
 
 
 
 
 
 
y = 0.9621ln(x) - 2.4887 
R² = 0.9596 
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Table H.5 – Rutting Depth Data for PG 76-22 Gradation A 
 
Specimen 
Rut Depth (mm) 
Mean Rut 
Depth(mm) 
St. Dev. 
Cycles 1 6 10 
0 0 0 0 0 0.00 
500 3.3 3.2 2.9 3.1 0.19 
1000 4.4 4.3 3.8 4.2 0.31 
1500 5.0 4.8 4.3 4.7 0.37 
2000 5.3 5.3 4.6 5.1 0.43 
3000 6.1 5.9 5.0 5.6 0.59 
5000 6.6 6.6 5.3 6.2 0.74 
8000 6.9 7.3 5.7 6.7 0.83 
Initial Slope 150.8 158.7 170.6 160.1 9.98 
Secondary 
Slope 
3418.5 2997.3 5166.6 3860.8 1150.26 
 
 
 
 
 
 
 
y = 1.2709ln(x) - 4.6492 
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Table H.6 – Rutting Depth Data for PG 76-22 Gradation B 
 
Specimen 
Rut Depth (mm) 
Mean Rut 
Depth(mm) 
St. Dev. 
Cycles 4 5 12 
0 0 0 0 0 0.00 
500 3.4 1.9 2.4 2.6 0.73 
1000 4.7 2.7 3.4 3.6 1.00 
1500 5.5 3.6 3.9 4.3 1.00 
2000 5.7 3.9 4.3 4.6 0.95 
3000 6.7 4.6 4.8 5.4 1.17 
5000 7.9 5.5 6.1 6.5 1.27 
8000 9.3 6.6 8.4 8.1 1.37 
Initial Slope 152.4 271.7 213.7 212.6 59.66 
Secondary 
Slope 
1701.6 2260.9 1443.8 1802.1 417.68 
 
 
 
 
 
 
 
y = 1.9093ln(x) - 9.5905 
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Table H.7 – Rutting Depth Data for PG 76-22 with Fibers Gradation A 
 
Specimen 
Rut Depth (mm) 
Mean Rut 
Depth(mm) 
St. Dev. 
Cycles 9 11 12 
0 0 0 0 0 0.00 
500 1.2 1.1 1.0 1.1 0.11 
1000 2.9 2.5 2.3 2.6 0.33 
1500 3.3 2.6 2.9 3.0 0.35 
2000 3.4 3.0 2.8 3.1 0.33 
3000 3.9 3.5 3.3 3.6 0.27 
5000 4.2 4.2 3.8 4.0 0.22 
8000 4.7 5.0 4.5 4.7 0.22 
Initial Slope 436.7 495.0 534.7 488.8 49.33 
Secondary 
Slope 
4668.0 3079.2 3476.9 3741.4 826.78 
 
 
 
 
 
 
y = 1.1997ln(x) - 6.0235 
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Table H.8 – Rutting Depth Data for PG 76-22 with Fibers Gradation B 
 
Specimen 
Rut Depth (mm) 
Mean Rut 
Depth(mm) 
St. Dev. 
Cycles 1 7 11 
0 0 0 0 0 0.00 
500 1.7 1.6 2.0 1.8 0.19 
1000 2.7 2.0 2.5 2.4 0.37 
1500 3.0 2.4 2.9 2.8 0.29 
2000 3.1 2.6 3.2 3.0 0.32 
3000 3.5 3.1 2.5 3.3 0.25 
5000 3.9 3.7 4.1 3.9 0.24 
8000 4.7 4.3 4.5 4.5 0.18 
Initial Slope 286.5 312.5 253.2 284.1 29.74 
Secondary 
Slope 
3810.6 3565.4 4597.3 3991.1 539.11 
 
 
 
 
 
 
y = 0.9549ln(x) - 4.2077 
R² = 0.9938 
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Table H.9 – Rutting Depth Data for 5% GTR with Fibers Gradation A 
 
Specimen 
Rut Depth (mm) 
Mean Rut 
Depth(mm) 
St. Dev. 
Cycles 3 4 8 
0 0 0 0 0 0.00 
500 2.3 2.6 3.7 2.9 0.75 
1000 3.0 4.1 4.8 4.0 0.95 
1500 3.5 5.0 5.1 4.6 0.88 
2000 4.2 5.5 5.8 5.2 0.86 
3000 4.5 5.9 9.0 6.4 2.30 
5000 5.2 6.6 9.9 7.2 2.45 
8000 5.6 6.9 11.0 7.8 2.84 
Initial Slope 229.9 199.2 138.9 189.3 46.29 
Secondary 
Slope 
4061.5 3942.9 1030.3 3011.6 1716.83 
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Table H.10 – Rutting Depth Data for 5% GTR with Fibers Gradation B 
 
Specimen 
Rut Depth (mm) 
Mean Rut 
Depth(mm) 
St. Dev. 
Cycles 2 4 8 
0 0 0 0 0 0.00 
500 3.7 6.6 6.2 5.5 1.55 
1000 4.4 6.9 7.3 6.2 1.59 
1500 4.9 7.0 7.4 6.4 1.32 
2000 5.7 11.7 11.2 9.5 3.34 
3000 5.5 12.6 12.2 10.1 3.96 
5000 7.7 12.9 13.1 11.2 3.08 
8000 9.0 13.9 14.0 12.3 2.84 
Initial Slope 137.4 77.1 81.4 98.6 33.63 
Secondary 
Slope 
1529.4 2786.8 2178.4 2164.9 628.84 
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Table H.11 – Rutting Depth Data for 12% GTR with Fibers Gradation A 
 
Specimen 
Rut Depth (mm) 
Mean Rut 
Depth(mm) 
St. Dev. 
Cycles 2 4 12 
0 0 0 0 0 0.00 
500 3.9 3.3 7.6 5.0 2.33 
1000 4.3 3.6 7.8 5.2 2.24 
1500 4.5 4.1 8.6 5.7 2.52 
2000 5.0 4.7 9.2 6.3 2.53 
3000 5.4 5.1 9.7 6.7 2.59 
5000 5.7 5.3 10.3 7.1 2.78 
8000 7.4 6.1 11.3 8.2 2.70 
Initial Slope 131.7 154.3 66.5 117.5 45.61 
Secondary 
Slope 
2432.1 4479.8 2972.1 3294.7 1061.25 
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Table H.12 – Rutting Depth Data for 12% GTR with Fibers Gradation B 
 
Specimen 
Rut Depth (mm) 
Mean Rut 
Depth(mm) 
St. Dev. 
Cycles 2 4 12 
0 0 0 0 0 0.00 
500 3.9 3.3 7.6 5.0 2.33 
1000 4.3 3.6 7.8 5.2 2.24 
1500 4.5 4.1 8.6 5.7 2.52 
2000 5.0 4.7 9.2 6.3 2.53 
3000 5.4 5.1 9.7 6.7 2.59 
5000 5.7 5.3 10.3 7.1 2.78 
8000 7.4 6.1 11.3 8.2 2.70 
Initial Slope 131.7 154.3 66.5 117.5 45.61 
Secondary 
Slope 
2432.1 4479.8 2972.1 3294.7 1061.25 
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